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CHAPTERONE ~ = = ==
' 'INTRODUCTION g |
— " Atomxc hfetxmes are often used to place relative f—value measurements on _'

-an absolute scale In his. a.rtxcle “Accurate Atomic Data a.nd Solar Photospherlc v
Spectro§copy” [Gr84], Grevesse notes that “solar and stellar spectroscopists ur-
,thly aneed transition probabllltles of hlgh accuracy for once ionized elements ’
of the iron’ group . In rnany cases the estimated aecuracy of the relatlve val-

ues is roughly an order of rnagmtude better than that of the llfetunes The-

~ extensive work of Roberts et. al. [RAS73] in 1973 whlch used ‘the beam- f01l:
technique to determihfetxmes of over 40 levels in Til-II, has pr:)vxded the,
absolute scale for m of the tltamum f.value measun&nents since then (e g
[RVCT3], [DK80] [BMP82] and [BMPSSQ]) However, most of these lifetimes have
uncertainties of 10- 15%, _mamly due to. the well known problem of - cascad/lng in
‘beamefmlmeasurements, while in [BMP8_2] and [BMPSS2]»the relative f-values are
known t6 +0.5%. The cascading pr_oblem' can be avoided by usin’g:a'las'er beam
rather than a foil to po'pulate the let/el of interest. This has' the additional advan-
‘tage of avoxdlng possible line blending and velocity stragghng t the fo1l both of
Er "_.whlch may contrlhute sxgmﬁcantly %)6 uncertax-nty of hfet1mes determmed usmg
., beam-foil excitation. Using this beam-laser technique one can obtain lifetimes with-
ectimated uncertainties of aboht one ‘percent or bett.er.'_. Some workers [GKA82)
have obtained ancertainties of .less than +0.2% in experimentally fa\}orable‘ cir-

%sta.nces (e. g; resonance transitions from the ground state with wavelengths

_greater than 50004). o . . v | S\

11 _The Beam-Laser ,Technique—.—a brief outline .
) . ' . N ‘ E o , ¢
_wimplied above, the essence of the technique is to select‘ively excite
‘the level of interest by crossmg an ion beam with a laser beam of the approprlate

. wavelength A generalmed eXperxmenta.l sxtuat:on is shown in Fxg 1 1

- . v .
. . . . .
. . . oo B
[y .
’
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Fig. 1. 1 Genera.hzed energy-level diagram and experunental conﬁguratxon for a
beam-laser experiment.The decay of the excited state is measured by
- observation of a branch transition (2 — 3) or the “direct” transition
(2 — 1). Variations in the ion-beam current can be accognted for by
normalizing the s:gna.l according to the current as measured by the Fara-.

-day cup.

. 4 The speed of the ion bea.m typlca.lly about lmm/ns provides the time
resolutio'r\l requxred to measure llfetlmes greater than about two na.nos_econds. The
lo enéit)} of the ien beam and target chamber resiciual gas avoids the problen;s
of ra%;twe trapping a.nd colhsxona.l de-excxtatlon After lea.vmg the interaction

. region the’ number of ions in the excited state (level 2) decays exponentxally with

&
- time:

-»

fzvz(t) = Ny(0) exp(~t/7). °

The correspondmg smgle—exponentlal decay in the ’nensi‘f}gof the momtored tran-

‘ sxtlon(s) (2—30r2—> 1) increasing dlstance of the detector from the. inter-.

“action can be ana.lyzed by a simple two—para.meter least -squares fit to obtam the
“mean hfetlme, : V - . ‘

" This apparently ideal experxmental situation is comphcated by the pres-

ence of background 51gnals due to the scnn(red laser lxght and 1on-bea.m back-

ground (due to collxsxons of ions in the beam thh the resndual gas molecules)

W

L.



‘To obtain a reasonable signaljto-noise ratio one must have a sufficiently large ion-

‘ beam current and adequately opulate‘»the upper state, as well as r'niniiniiihg" the

scattered laser-light and ion-beam background. The choice of whether to use a

. . £ ) .
“CW or pulsed laser depends on the level(s)ome wants to study. The high-power

. pulsed excimer or excimer-pumped dye lasers used for this research are the only

ones that prowde sufficient power at the higher frequenc1es reqmred for smgle step -

excitation of ionized species. 'CW lasers are more limited in’ thexr apphca.tlon be-

_ing useful for some neutral species with resonance lines in the v1s1b_1e region (e.g.
[GKA82]). The details of the excitation process are discussed in more detail in

| Chapter Two.

The intensity decay curves were accumulated by Sunlining several (usu-
ally 10-20) successive “sw$ps”, each sweep. being composed of from twenty to'
thirty data points corfesponding to detector positions.separatéd by OLS—l.Ofn‘m( )

‘This irmlti-sca_ling technique reduces the effect of systematic errors (such as a slow

. drift of laser-frequency or power) since each sweep lasts a short time (about 5

mmutes) com ared to the overall collection time for the whole decay curve. A

further T

alternat

made moving downstreaw. from the excitation region being summed and analyzed

independently of those made moving upstream towards it. The advantages of this
forwards and backwards sweeping are discussed in Chapter':Fiv‘e' along with tlge
details of the data analysis and collection propedures.

Prior to starting this. project an in.itialmé#surement here at the Uni-
versity of Alberta was made for levels in singly-ionized calcium, us:ng a modified
_ beam- foil target chamber [AIP8S). The resulting lifetimes had estlma‘ted uncer-

tainties of about 5%. Thxs large uncertainty (for a beam-laser experlment) was
”~ ’ -

-

nement of the multi- sca.hng techmque was used i in the last experiment: -

ps along vthe ion beam were made in opposite directions, the sweeps -

£y
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~ pnr}a.nly due'to.~ the la.rge laser background levels. A major portion of this‘bwlork ‘-
.invo‘lved designing a targetchamber s0 as to -minimize this'background' vT-his and
. other methods used to reduce the laser background are dxscussed in Chapter 3.
The expenments descnbed in this thesis illustrate some poss1ble varia-
tions of the bea.m laser techmque »

[Tx] Populate the upper level (see Fxg 1. 2) by transition frorn the ground con-
figuration by Doppler tumng a (ﬁxed »frequency) excimer laser. Monitor '
the decay of a branch tra.nsmon | ’ . |

[Ca] Populate the upper level (see Fxg 1.3) by transxtxon from a ground state, '

s by using a tunable dye laser. Momtor the decay of the same tranr,xtxon

[Na] Populate the upper level (see Fig. 1 4) by transxtlon frorn a metastable

"~ level (populated usmg a gas cell) by Doppler tunnng an excimer laser.
- Monitor the decay of the same transition. ’ ) |
[IR—Ca] Populate the upper level (see Flg 1.3) by transxtlon from the ground -
configuration by using-a tunable dye laser. Monitor the decay.of a branch
transition ‘ ' - | | |
For convemence of comparlson between the expenments a.nd since much
of the same mformatxon w111 be used in the subsequent chapters, Table 1.1 sum-
= marlzes most of the expenmental parameters for ea.ch of the exper:ments' Also
sample decay curves for each of the experu‘nents are prwented in ths 1.5-1.8 in"
order to ma.ke- it easier to compare the relatxve intensities of the background and
decay signals for the different expenments
Another major component of the time spent -on thxs work was m \ the
< fproductmn of an adequate jon-beam current for both the titanium and sod;um
expenments In both of these cases only a fractlon of the total bea.m current is -

'useable For the [Tx] expenment this is due to only a fractlon of the groundj state
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EXPERIMENTAL PARAMETERS

M ’ ’ y . . -
s 4 BN B -

 EXPERIMENT: =~ - -~ [Tl] ' [Ca]]-_-_l/z [Ca]9'=3/2 v [Na]
- . RN {lIR-Ca]}  {[IR-Ca]} ~ 77 ~
‘Ion-Bearn Energy(keV) 2383 - 250.0 2500  279.6
-velocity(mm /ns) 0979 _ ’1._0993 1.099 - 1.531
~current(iA) o 24  1-10{10}  13-14{5}  8-12
-dimensions(mm) 5. 5{3k x 4w}  5{3h x 4w} 4
Transition ,\T('nm), 30787 T 396.84 39337 309.27 -
Laser-Ag(nm) 30816 . 39581 . 39439 308.16
(FWHM) hneW1dth(nm) 005 © 0003 0.003 005
_pulse rate(pps) - - 3000  200.0 2000  200,0

- -pulse duratlon(ns) - 8 BN I 5. . 8
-mean intensity(mW/cm?) 50 8.3{200} 8.3{200} 13
-peak intensity(kW/cm?) 21 8.3{200} . 83{200} . 81
Ton/Laser Beam Angle(®) - 107 _ 45 | 135 45
Monitored (Ax) " 42802 39684 30337 309.27
" wavelength(s) (nm) 43229 = {866.2}  {8%4.2} -~
-filter center Ag(nm). - 430 - 402{87 © 391{850} 313.
-trgnsmission @\ y © 40%  20%{30%} 10%{20%} . 6%
_Quantum efficiency@\y . 19% . . 22%{5%)} 22%{8%} 22%
\'Normt.).lization -~ 1 . " 1  UBB{I})  UBB,
Specxal Gatmg R "de‘layed. |

i Lifetime(ns) = 4.01£0.06 {7.07+0.07) {6.87:+0.06} 4.80%0.06

Noeralization' I=beam current notmalfzétion; UBB=uhgated beam b’ackground '

All but the [IR-Ca.] experiment were done with an EMI 9789QB PMT, the IR-
' expenments were done with a Hama.matsu R943-02 PMT.

Table 1.1 Summn.ry of the expenmenta.l pa.ra.meters for all the expenments pre-
sented in this thesis.
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‘ populatxon bemg in the J= 7/2 level. For the [Na] case, only a fractlhn ofsthe
ions are excxted by the gas cell to the meta.-stable Ievel (z e. the lower level of
-the laser-excited tra.nsxtlon) Ion- beam productxon is dlscussed in more detail in -
-ChapterFour SO ' - S S,»;z
The [Ca] exp&{h,entﬂ w:jzs done more to develop tehhnique’s for thé tnor
~ difficult [Na] experiment than as the best way to measure the calcium levels in-

‘vo‘lved.‘ The calcium lifetimes. were more accurately determined in the [IR-Ca] ex-

T

periment where monitori‘ng the branch transitions essentially eliminated the laser -

\13

s

-~

-

background’ However, doing the ca.lcmm measurementsyays did reveal an -

'unsuspected albeit quite small, systematic error associat ith the UBB(ungated ‘

‘beam background) normahzatmn used in the [N a) and [Ca] expenments This and

L.

other systematlc sources of error are dxscussed in Chapter Five.

‘The results of the expenments as well as comparison W1th the theoretical.

g
and experimental results of others are dlscussed in Chapter Six.



 CHAPTERTWO .+ ' - |
THE EXCITATION PROCESS = - 7

The feasxbxhty of the type of experlment outhned in the prevrous chapter' .

'"depends on severa.l mterrelated factors These 1nclude the (maxlmum) useable

beam current(I )s the overa.ll collectlon efﬁcrency(E ), the sxgnal to noise _ratxo(S /)

-and how many ions a.re 1n the excxted sta.te as‘they leave the mtera,ctxon region. The

- number of observed (deca.y) photons per laser pulse(CPP) will deterrnine wfhether " ,-

one should 1ntegra.te photo—current(CPP >>. 1), count photons(C'PP <. 1) or

" not do the expenment at a.ll(&'PP << BACK GROU N D) The-first section of -

this chapter provides an order of magmtude calculatlon for the expected decay

sxgna.l The rest of the cha.pter examines the exc1tat10n process in more detail. In -

partxcular p0351ble systematxc effects such as the dependence of the decay sxgna.l_ ‘

on laser intensity and Zeeman quantum beats induced by stray magnetic ﬁelds.

2.1 _ Feasability—-An Order of Magnitude Calculation b
'The effect of the laser'p'ulse on thé ion beam is shown djagrammatica.lly
in Fig. 2. 1 For 31rnphC1ty it is assumed that the laser pulse duratxon(e) is greater

‘than the time an atom spends in the xntera.ctmn reglon(L/ v). The cross- ha{ched

w
L

areas re%: atoms bemgv excited by the laser. The other'shaded areas represent I
hi

atoms which have ceased their mteractxan with the laser pulse elther because the

N
pulse has ended or because they left the xnteractxon regxon dunng the laser pulse o

T he portlon of the ion beam a.ffected by the laser pulse will be referred to

‘as the burst of ions. The length of the burst is (ve +L) a.nd a small transverse slice _

‘of the burst has length d/ The posltlon of the slice within the burst is mea.sured"_ |

- using the variable y, where —ve < y< < L If the laser pulse is suﬁicxently mtense, o

the transxtlon wﬂl be satura.ted essentla.lly mstanta.neously Tliat 1s, the fra.gtwn,

7, of 1ons in the upper state is glven by l—n—l where the g; are_ the statxstxcal o



15
observation, | o o ES
region___ k=0 . |

777

v =ion beam velocity ~ . - - ]
p =number of-ions per unit length = I'/ve . - . . : -
- L = (effective) width of laser beam, typically 4mm _ I \%

+ b= observation length along the beam, typically lmm IR !

¢ = pulse duration of the laser o

7 = lifetime of upper level -

| = vr = decay length .

b
"
e
/

| EORNS |
Fig. 2.1. Schematic of laser interaction with the ion beam showing the.state of the
ions in relation to-the time since the arrival of the laser puiseat t=0: ; *

-8
.
o



gelghts of the two levels Denotmg the number of a.toms in the shce v by dNy(:c) o

_ where z is the dxsta.nce from the downstrea.m edge of the mteractxon reg:on, one )

can write

(= ) = {(npdy) P (_L—ﬂ) ify 20 (2’.1'.1)

(npdy)exp (32), Cify<0.

| Then )éttmg l=vr and A be the (summed) transxtlon probablhty of the observed

hne(s) one finds tha.t the contribution of shce Yy to the total observed counts is -

by . .
‘glven Y ~ | | Yp

o ) g | ST S
ANy(z) = — /: s é‘g[dN,,(t’)]alt’=,¢€Av‘1 / . [dNy(z'))dz.

. (=)
' . — —1pq _ =b/ly ~z/1 eVt if y > 0;
Therefore, AN, | 84nplv [1—e®Me /" x { 1 ify<o0 (2.1.2)
Integrating over all the contrihuting Shces one ebtains: | o
AN = [ AN,dy = EAnplv~'[1 — e (11 — M) + vele~*/!,

—ve

or, CPP =(EAnTz* /e[t — (14 2) - el - @1y

- At this point is useful to note that it would' be possible to .increa.se the observed .

signal‘ by increasing the observation léngth (i.e. slit width), b. _ Unlike beam-foil

_experiments where the decay curve is a multi- exponentlal there would be no loss

‘of information about ‘the lifetime by using a longer averaging length However,

\ the ba.ckground will increase fa.ster than the signal does with mcreasmg b. Also,

the observatlon wxndow proﬁle is not perfectly reqtangular as a.ssumed in the‘

' ca.lcula.hon IncreaSmg the slit w:dth would change the slope of the edge of the

wxndow function. This would mean sta.rtmg the deca,y curve further downstrea.m

than for sma.ller values of b. Thus thd detectxon system optxcs and the size of the

lifetime being mea.su:ed_ will in ptactlce limit how la.rge the observation length can



bé made. There is nothing to be gained by making b larger than about half the -

.-lifetime. In the rest of this chapter the “calculations for the expected signal use Aa_.l

conservative value of b=1mm.

A rough est1mate of the efﬁmency of the detectxon system can be made

SV

‘assuming an f/2 optlcal system (t.e.a sohd angle 47 x 0. 016) six optlcal mterfaces '

to be traversed by the sxgnal (0. 966 =.0.78), the quantum efﬁcxency of the photo-
multlpher tube to be about 10% ‘and"the transmission of the filter to be about
10% at the wa.velength of the observed transition(s). Thxs yxelds a value for the

detectwn efﬁcxency of about 104(0. 01%) !
Using the va.lues of I = 1uA, T = 7ns, A= 1/7ns n = 1/2, € = 5ns,
L=4mm,|l=Tmmand b= 1mm n eqn. 2.1.3, one obtains a value for CPP of
,' about 0.3 counts per second(cps) at z = (L Thus acknowledgng that this is an
order of magmtude calculatlon one expects at- least 0. 03 counts’ per laser pulse.
At a laser pulse rate of 200pps thiggwould produce a 25 point decay curve with
ﬁve hours of actual run time. ‘

; 5,000 counts in the pea.k in about

¥ The above calculatxon 1nd1cates that this type of exper;ment 1s quite

l'easxble prowded the assumptlons 1mp11ed a.bove hold Also implicit in this analysis
is the assumptlon that the populatlon of the upper state produced by the laserb

~does not vary systematxcally ‘with tlme, at lea.st on txme scales comparable to

_the time to.record one sweep of the decay curve. The next sectxon exammes the

validity of this assumption. ' o .

2.2 Variations dg_t,he Excited State Population.

A major concern in obtaining a reliable precision lifetime is _tlle degree

to which the excited state popula.tion, which' is proportional ‘to nl, can be kept '

constant and an allowance ma.de if it varies over one sweep. Thqur'l-beam current

~ fluctuations can be easily and accurately represented by scaling the decay /sxgnal'

/



. eccording to the digitized beam current integrated over the a,ccunmlation time: A

“data point on a typical decay curve had an uncertmnty of less tha.n a.bout +0.2% i in

the integrated beam current In addltlon, the sca.hng typlca.lly produces changes

in the decay signal of less than 5%

| The functlonal dependence of 7 on the laser intensity(Z) is not known.
The laser intensity ha.d va.rlatlons of the order of 2% over penods ra.ngmg from a
few seconds to several minutes, but.declines systematically by about 40% over four
‘hours of continuous use. However, the typical sweep lasts for less tha.nvten minutes

giving a decline of less than about&%. Since r)(I ) is not known it is not possible to

scale the decay curve by measunng the laser mtensxty Knowmg the beam current

18

it would be possible. (mleﬁ'ect) ‘to measure 7 dxrectly by monitoring the decay '

mtensxty using a separate detection system at some fixed posmon downstream

from the interaction region. The number of counts would be of the same order

of rnagnitude as the: peak signal. This ”would typically result in an uncertainty of

..greater than 3% in the correctxon However it would bé preferable not to have to.

make the correction at all’ smce addmg another detectlon system able to- look near

the mteractlon region would needlessly comphca.te the target cha.mber desxgn 1f "

the correctxon itself were small. The next section calculates the expected order of

magmtude of this correction.

2% - The Excitation Process—The Excimer Laser

The excimer laser radxa.txon is not coherent in the same sense as a single-

rnode CW laser: It can be regarded as'a multx mode (frequency, phase and pola.r-\'. '

lzatxon), hlgh—lntens1ty beam. As wxll Be shown below, from the pomt of view of

any atom 1n the ion bea.m, it is essentially a broad- band radiation source. Tlms,v

one ca.n usé the Exnstexn A-and’B coeﬁcxents in, q»;,sxmple rate equatxon model

for the excxted state populatxon evolutlon ta. eett‘l:na.te the effect of the systematxc' '

{ \/

- ~ P . ; . N



decline in laser intensity d;rring a sweep. Note that the simple rate equations

‘do not necessarily accﬁraﬁely reflect the time evolution since the intensity is so”

large that the gate equatlon approximation is not valid. However, a suﬁiaently

- large mtensxty bnnga us into the regime where Rabx-oscﬂlatxons would occur for -

a sxngle—rnode acting on the ion. Due to. the presence of the rnultlple modes and

the different amount of time each atom spends in the radratlon ﬁeld the net effect

of any Rabi- oscxllatxons will be averaged out thhm a burst of ions to produce
« ’]

effective saturation of the upper level.

The excimer cavxty length of 2 1m produces modes about
nefl = lGrad/s' = qu

apart. Over the total excimer lirreWidth(FWHM=A_wE) of 1000Grad/sec(0.54),
this implies about 1000 modes: The Width of each mode will be given by

Awy =~ (c/l)l\;R_R = 0.4Grad/s, assuming R=+/R1R; = V1v1 - .962,

" R; and R; being the reflectivity of the two ends of the excimer cavity. The power

broadened atomic linewidth is given by (Lo83, Chapter Two)

A 12mc? :
-1 . 21 92
Aw = 1714/1 + 2(wpT)?, where wh=T = > 0 [ T ] FZ.S._I)

Using typical values for the titanium expeririient:
E‘, .

-

r =4.01ns, Az =0.137Tns™?, w=6.12 x 10I5rad/s, g1 =8, gé =6,

and I = 210MW/m? gives wg = 55Grad/s and Aw = 310(1/7) = 78Grad/s. -

‘Thus, the excimer linewidth is sufﬁeiently greater than the power broadened

19 -

-atomic linewidth (Awg > 10Aw) thaﬁ all of the mode profiles are the same within

-

[



the atomic linewldth. Sinee the mode spacing is about twice the hneWidth', one
might initially expect the intensity profile across Aw to be very non-uniform.

However up to thex pomt we have neglected any Doppler broadening due to the

dwergence of the la.ser beam. Although the laser beam was rea.sonably well colh—b

mated a residual dxvergence of the order of 0. lmrad remains. This dlvergence is

_sufﬁaent to remove any non-uniformities in the excimer mode spectrum as seen

by any particular atom:

!

df ~ 0.1mrad — Awp ~ (v/c)cos17°df x w = 2Grad/s ~ 2 * Wy,

Fig. 2.2 illustrates this situation. fThus for the titanium and sodium experiments,

we are justified 1 in trgmtmg the excimer radlatlon as broad-band thermal radla-

- tion. The simple. raté equa.tlon model can be used to provxde an estimate of the

maximum p0551ble effect due to declmmg laser intensity."
A -
We now develop the rate equation- model (CoT1, Chapter Nme) for the

three-level atom%c systems under consideration (Lsee Flg 1. 1) The rate of change
of ‘population of the upper state is given by
g | ” | |
4&/ Nz(t) = BfypNy — [Aa1 + Azz + B3, plNa(t).

The A;j and Bs- are the usual Einstein coefficients. The p is the energy density.

qper. unit ba.ndwidth-which is a constant over the atomic"line profile. Since we are

interested in probabxhtx&e, it 1 xs convement to set the total number of atoms equal

to one. Also, since for the time scales under consideration there i is no significant

repopula.tlon of level 1 via level 3, one can set Az =0. Therefore ‘

v .

S ) C ) } v
Ny = / Az No(#) dt'.
‘ 0 . L



0.999 -

Flg 2.2. a) Excimer line envelope (mode frequencies not to scale) compared to the

* power broadened atomxc line proﬁle (FWHM= 12GHz) b)Exc1mer modes (60MHz
~apart) without Doppler broadening. c)Excxmer modes with Dopp‘ier broademng
combine to form an essentlally horizontal profile over the power broadened atomic

' -lmewxdth. ‘



Usmg B ==q-le2 and 'A21 +.A23=r*1: one.obtains »

Nz(t) = szp (1 - / Az No(t )dt,) [ (1 + 91/92)3121’] N2(t)-

) This'e@atio_n can be written as-

.

.

where B=Bfpand a =171+ (1 + gl/gz))ﬂ The two quantities, a a.nd ﬂ, are

constant as long as p (e laser intensity) is constant.

x2cd ’ IR h v ‘
- I ] (%) Mdal

which, for convenience in calculation, can be written as

B(ns™') =6.681 x 107" (An)}y02/01) I/ANg - (2.34)

where in the latter equafion the units are in ns~!, Aand kW/cm? where appro-

t &

prié.te. If A3 =0, eqn. 2.3.2 can easily be solved to yield |
L) = -f;(le f"*)

The integro-differential equation 2 3.2 is moét conveniently solved nu-

mencally on a computer The program EXCITE was written to perform the

?

reqmred calculations. One inputs the ma.xnnum laser intensity Ima,, g1, gg, Agl,

T, Agl, AA E a.nd v. The program pnnts and graphs the cﬁ'cctwe fractrona.l pop- S

(S
(8]

ula.tlon at the end of the interaction reglon(r; ) versus the intensity dovgn to. 60% ’

of the maximum mtensrty It wxll also'plot the actua.l fractional populatxon as a

function of tlme m the radxatxon field for the maxxmum and rmmmum galues of

- the mtensx_ty.

. _ - . S
. . -~ B .
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Before examxmng the deta.xls of how the va.na.txon 6f n 'w}thja.ser int%ﬂ
e Twr ‘

s1ty can affect the mea.sured hfetune, we first check whether thé ca.lculafpd "I.‘Q O ‘.h.
' r) for the titanium expenment corresponds to the obserVed value Qf € '
_the va.lues for the tltamum experxment of Imu —-24“7cW/ cn‘L2 gl

A21 ~0.137ns"), 1 = 4. om, /\2’1 = 3079A AAE = 05/{ and e

one obtains 77 =0.28 from the program EXCITE

v . Q. . 2 l".“"

" replaces nexp( y/ut): B - _'i

+ ) ‘ L 9.
. R

z+b | -
ANy = - / d(dN )dt = EAn® plv™ 1[‘1 b/l}g"’z/"ﬂy

0'

Q'E

therefore AN = “;'An'plv_l[l —e ML +1‘zoe]e'§‘zl
) ) vLoAg -

or, CPP=[EA'I'r 2/cz:][l — et + e/7)é *’%
For convenience we rewnte this in terms of expenmentgk J.Lmts ( 23] 9, '6 m and

pA) as well as factoring out the assumed ﬁlter efficienc éF%) of 10% e .
. CPP = {0.624Fy/10%} [An*I*#2)[1 — e™Y|[L/1 + ¢/7]e~=/" (2.3.5).

The transmission of the filter used in the titanium experiment was about 40%
for the two observed transitions. The summed tra.nsitioh probability(A) vfor'-i:h.ese
two tra.nsitions is about 0.0086ns~! as obtained by .correcting the (RAS) relative
f-value results with our measured lifetime. A particular experimental run gave
| CPP = 0.03i at £ = 2mm witlta mean beam current of 4pA. The I* in eq.ua.tion
23.5 s the effective beam current since all the ions contributing to the measured
beam current are not in the J = 7/2 level of the lowest multiplet a.nd thus cannot
be excited by the excimer radiation. Assuming that the distribution of ions follow

 a Boltzmann distribution with a temperature of about 300°K , one expects about



T

a quarter of the ions to be in the J = 7/2 level (x e I' ~ I/4) Usmg the above

values and L = 4mm and € = 8ns in equatlon 2.3.5, one obtains an expected value

of CPP of 0. 037cps The expenmenta.l and observed values are supnsxngly close

con51denng the approxlmate nature of the values used in the ca.lculatlon (especially

the efﬁcxency, £). | ' o ' | | . "

The time development of the excitation probablhty for tltamum is shown |

in Fxg 2.3. The significant dechne in populatxon starting at about 2ns is caused

‘by the relatxvely large value of A23/A21 However, Flg 2. 4 shows that n varies .

qmte slowly with mtensnty. A typxcal 3% drop in T over one sweep of the decay ‘

curve corresponds to about a 0.4% drop in n*. The effect of this decline on the
measured lifetime is estimated by regarding it as a small time dependent change

in the} amplitude of the decay cnrve:

£

ro AN~(.t,)’=C(1+'Et)eXP(—'t/T) -

OVer the typical deca.y curve of three hfetlmes, the effective amphtude changes,
by a facﬁ;r (1 + ¢, tms xmphes that IrE = 9 or, £ = q/3r. Therefore,
o NosCestto o
: ~ Cexp(———=). S
o TEEee r(_1+q/3)- . I

. -2,

Thus the 8:4% decline in n* corresponds to about a 0.1% decrease in the measured

‘lifetime. This is a very small effect when eompa.red to the minimum uncertainty

in the .lifetime caused by the 0. 5% unCertainty in the velocity. Also the preceding

| :,aca,lculatxon assumed that the rate equatxons were valid in this hlgh-mtenslty reglme ‘
and thus over-estlmated the eﬁ'ect of declining laser intensity. This effect, as wgll ‘

as any other small real-time dependent effect on the eﬁ'ectwe amphtude could,
essentlally be ehmxhated by recordmg successxve sweeps of the decay curve fn
opposite: d:rect:ons
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The nature of the laser excita.ti()n pr‘ocess for the sodiurh expefiment

Cis essent1a.lly the same as for the titaniutm expenment The change in the effec- -

"~ tive | fra.ctlona.l excited state populatxon with dechmng laser 1nten51ty, given by

the rate equation approxxmatxon and shown in Figs. 2.5 and 2.6, will cause the
measured leetxme, -, to be at most 0.2% too sma.ll

The exc1tatlon process for the sodium expenment also involved using'a

gas cell (see §4 3) to p0pula.te the ‘metastable level. The eﬁimency of the cell in

“effect I*/I, can be estimated using the observed value of CPP and the calculated_,

ﬂva.lue for n*. Wlth. _I_ ~ 10puA. Using the sodium pa.ra.meters from Table 1.1 and;

~ equation 2.3.5, one obt_ains,f */I~0.08, an 8% efﬁciency for the gas cell.

3

24 " The Excltatlon Process-—The Dye-Laser Beam '

The principal dxfferences between the dye and exc1mer beams used in’

these experiments are the much smaller dye-laser beam tota.lﬁhnewxdth (0. 03A‘

" versus 0 54) and the greater tha.n 96% vertical pola.rlzatlon of the dye beam. .

The power- -broadened a.tomxc hnewxdth at the mtensxty used in the cal-

S ——

cium experiments,_can be calculated using equation 2.3.1 and the followxng‘ values

for the parameters:
w = 4.75 % 10%rad/s T = 80MW/m? Azi'= 0.13ns™! 7 = Tns 5—2 =1.
S ' 1
Therefore,  wg = 60Grad/s = 400(1/7) and - Aw = 600(1/7).

Converting to wavelength one obtains A\ & 0. 074. Thus the v~vhole"1a.se’lr line

is contamed within the powerggoadened atornic linewidth. “The Rabi frequency '

corresponds to a period of-0.1ns hlch is much less than the typxcal mtera,ctxon

time between an ion a.nd the radxat:xon field. Atoms spend a.nywhere up to about'

- 4nsin the radidtion ‘field, so observxng the raadxatxon emitted by .the burst is in

£
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effect averaging over many Rab1 oscillations . This produces an eﬁ'ectwe saturatlon -

. of the transition thh n= gz / (gl +g2) in the upper state. Even if the laser intensity

drops by a factor of two there is still enough power to saturate the transxtlon
For a particular calcxum run ('3968#8) with I 10pA and z = 35mrn
one observes CPP ~ 0. 10cps Usmg equation 2.1.3 with n = 1/2 T = 7ns,
LAy = 1/1' v=1 lmm/ns and £=2x10"*(20% ﬁlter) one obtains an expected
' CPP = 0.06¢ps. -Again, the dlfference between: the two va.lues can be attnbuted

to the order of magnitude nature of the calculatxon

25 | ~ The E_ffect-: of Zeeman Quantum Beats on Decay Curves

The experiments were 'done initially without any consideration of the

- possible effects of the earth’s magnetic ﬁeld»(‘ or any ‘other stra.y magnetic fields )

on the decay curves. The magnetic field (about.Ob.OGmT) causes the upper energy

to split into magnetic substates separated by the Larmour frequency

vy = (up/h)Bg; 'wvh.ere g7, is the Landé g—fector.

. For the singly-ionized calcium 2P3j level the Landé g—factor is 4 so that one-

3
obtains

vy = (1 4 x 104)(0 6 x 10-4) 97 (MHz/T) ~ lMHz

ThlS sphttmg of the upper ma.gnetxc substa.tes a.llows the poss1b111ty of coherent

excltatlon (in the sense descrxbed ln deta.ll in Appendlx I) and decay of pa.mr of .

upper substates sepa.ra.ted by w =wj, or 2w L: (z e. states whose magnetlc qua.ntum

' number differ by one or two umts) Asa result the decay sxgna.l may have compo--

" nents which correspond to mterference (beating) between two magnetxc substa.tes

‘as they decay toa common lower state. Thus the general expressmn for the decay ‘

- curve xs no longer a sxmple smgle-exponentxal but ha.s the form

N(t) ‘=' [C+ 'Di‘cos (w,Lt'+‘¢1)‘ -'|-_A.‘D2"'cosi(..‘7‘.d':1,t + ¢'2)] exp(-—t/r) - (251) -
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: The rela.txve va.lues of the coefﬁc1ents depend on the excitation and observation 7

geometry and polarxzatlon in relation to the axis of qua.ntxzatxon deﬁned by the .

~ direction of the magnetlc field. | B ' %

The beat frequency present in the ca.lcxum experlments, whxch corre-

31

_sponds to a minimum period of about 500ns, is. too small to see any qua.nturn- '

beats in the decay curves (less than 30ns long). However, if D) and/or D; were

large enough, there could be a significant effect on the measured (or apparent)

lifetime. This occurs if, as described in the previous. section, the amplitude varies =

to first order in time. This can occur in this situation as well sirice one can write

)
‘o

cos (wrt — @1) = coswyt cos §; — sing; sinwpt > wypt singy, “for wrt << 1.

For example, if one assumes D, = 0 one obtains

‘v

N(t)-;:.' (A + Dycos¢y) (1 +Et)exp (;-t/r), = —wp sin @)

A+ Djcos¢y
A detailed calculation of the coefﬁcients and phase angles was done for
the calcium experxmentsgm which no attempt was made to cancel the re51dual

field. The details of this- calcula.txon are gwen in Appendix I The results show

that there is no posszbzlzty of qua.ntum beats for the tPis _Ievel and an expected

0.004% decrease in the lifetime for the 2P;3/2 level. Thus the presence of quantum

beats had a very small effect on the results (the erffect on the titanium experiment

is expected to be of the same order of m‘agnitude or, less). This sm'ali effect '

can be mcluded as another source. of error when estlmatmg the uncerta.mty of

the lifetimes. Note that here the time dependence is manifested as an mten51ty‘~

variation that is a function of posmon along the ion beam and hence effects due to

qua.ntum beats can not be corrected by a.lternatmg forwa.rd and backward sweeps -

3

’ along tl}e ion beam.

. -
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The possxble effects of zero-ﬁéld qua.ntum I)eats are con51dered in Ap-

pendxx III These o'nly affect the [Na] expenment a.nd in contrast to the Zeema.n '

| qua.ntum beats dxscussed above the beat frequencxes are too ldrge to have a mea-’
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CHAPTER THREE
THE TARGET CHAMBER

Thxs chapter outhnes the vanous considerations that were mvolved in
the desngn of the ta.rget chamber The extremely high. scattered laser-hght levels'
(compa.rable to the peak sxgna.l) obtained here at the University of Alberta by Ans-
bacher et. al.,«(A‘.AI'PSS) using a‘modiﬁed beam-foil target charnber, made reduction |
* “of this background siéna.l a brimary objective. These high background levels were '
v‘ obta.ihed even though the laser light was discriminated against using a narrow |
ba.ndpassfﬁlter in the mfrared while the laser radxatlon was below 400nm. The
' reductlou:ln laser background radiation had to‘be achxeved within the constraints
lmposed by other factors such as ﬂexxbxl;t;,@ tb use the target chamber for more
“than one. pa.rtlcular experlment (e g ta a.llomfor Doppler tuning of the exc1merv
laser) limitations on size 1n rega.rds to pumpmg reqmrements for an adequate
vacuum, relative ease of set—up alignment and operation, and, of course, overall
cost. . : e

The design of the target chamber was an itera'tive.process which is dif-
ficult to describe in a linear st'ep-by-step'faShioh.' _A-lthough‘au attempt has been |

. made'to divide this chapter into sections dealing with particular aspects of the

desxgn the divisions are not as clear .cut as the section headmg might 1mply Also, -

since the goal was sxmply to reduce the laser scattered light to acceptable levels
and not to determine the ideal conﬁguratxon precisely or the relative impor{ance
of each source of laser s¢attered light, any ﬁgures quoted below giving reductions
in laser scattered light upon doing such a.nd such should be ta.ken only as as rough

,mdxcatxons as to the order of magmtude of the effect. )
The last section is onlaser beam productlon It does not deal thh the

target chamber per se, but was included in this chapter since the qua.hty of the

laser ’bearn is closely linked tothe“problem of ‘scattered laser-light.

—_——— - . — . — — — . - el s e
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3_.1- o Scattered nght

The first step in rmmmrzxng the scattered laser-hght was to ask what are

its pnncrpal sources The sheer number of photons greater than about 10‘3 na

laser pulse, is enough to make even the air traversed by the beam before ‘g

34

the target cha.mber a 51gmﬁcant source of scattered light 1f the target chamber is

not properly designed.” Other 1mportant sources are the beam steerlng mirror(s), »

the entrance and exit w:ndows, amphﬁed spontaneous emission from the laser and
| possrbly the bea.rn dump. Radxatron SCatte;ed from the walls of the target charnber

1tself can also become un;%rtant once the other sources have been reduced.

. B ”.~’.
’-_~.\-5'j
R

.,‘-

. one expects peak decay sxgnals of about 0. lcpp, then, as}u'ﬁh‘(ng an overall detection -

efﬁcrency of about 1074 a thousand photons sc ttered mto 4r steradians is too

large. Thxs is about one out of ten bxlhon af the number of photons in the laser

l

pulse.

«

The simplest step that one can take to reduce the scattered laser-hght

‘1s tor remove all scattermg surfaces as far-,away as poss;ble from the nexghborhood

One mlght also ask how rnuch scattered laser-hght is too much. Clearly, if

of the interaction region and ‘tthe laser beam Of course one wants to be able‘ )

to observe as close to. the 1nteractxon reg:on a8 pmsxble to maximize collectxon

eﬁicrency and to start the decay curve w1th as hxgh a count rate as possxble Thrs '

_implies that one must place at least one lens close to the interaction reglon
The collectlon lens was placed inside the target chamber so as to maintain

a reasonable detection efficiency while placxng the walls at least 10t:m away from

- .

o the 1nteractlon regxon Obv:ously, the detectlon systern should be optlca.lly 1solated :

from the primary sources of scattered laser-hght That i 1s, hght from these sources"‘ -

should have to stnke at least one, and preferably more, 1ntermed1ate surface before -

‘entermg the detectxon system. The target chamber deslgn is such that that there :

-

‘are at least two such mtermedxate surfaces
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* This was done by shielding the colleétion lens.and mounting the entrance

and exit wmdows at the ends of long (about 20cm) baﬂed tubes (see Figs. 3. 1 and

3. 2) T he tubes;-as well-as the ta.rget cha.mber were made from anodized black alu-

35

minum and the baﬁes of blackened coppexf to minimize multiple reflections of the "

scatteijed laser-light. However, the'bvlackenivxig.-proéess was found to sevetely dull

the inside knife-edges of the baﬁies These were resharperned and then blackened

- using l'a.mf)black (i.e. carbon) from a sinouldering candle. The anodized aluminum -

of the tubes was also quite shiny, especially at gre.zing angles, so the interior of

both of the tubes were also larnp;blacked. Contrary to e@ectations this lamp- -

blacking of a mgmﬁcant portlon of the interior surface area of the target chamber

did not noticeably affect the tlme requlred to evacuate the target chamber (except

for the first time after apphcatlon) or the ultimate pregure achleved Application
of the la.mpblackmg reduced the scatt\ered laser-light by about 20%.

The baffled tubes were desxgned in effect to collimate the scattered

e ——

light from the primary sources but not the laser bea.m itself. The clear ape_rture of

. the baffles (15mm diameter) was chosen to be about twice the maximum desired

laser spot dimension (8mm), so as to ensure that they did not themselves become.

«

primary sources of scattered laser-light.
The entrance and exit windows, hereafter fefer:ed to as the Br_ewéter
" windows, were oriented at the Brewster angle for transmitting verticaily polar-

-~ ized light. The use of this angle was primarily to accommodate the dye laser

beam which is greater than 96% irertica.lly polarized. However, angling of the ezit

window at some angle about 45° is desirable in any case.so as to prevent direct |

reflection of the laser beam back _inte the target chamber. It was thdughtl that

one could also vertically polanze the excinier-beam before the’ ﬁnal'steering mirr'er
so that s{;\beequent, and b‘resurmtblj pafrtiall)l' depolarized,‘-scatteted light would
‘ ' _ - ,
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A_wo_tma .L

Fig. 3.1 Isometric schematic of the target chamber (not exaétly tO_SéQl;:'bﬁt::abouf S
' - 1/4 actual size). - S o R o
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not the case. The scattered hght declme pa rtlon to the reduction'in

;.Q "ﬁ

1,tensxty caused by the polarizer.
The Brewster windows were made from the highest quahty (Suprasnl 1
equxvalent) synthetic fused srhca, pohshed to a scratch-dig of bette than 5-10.

This ensured that the scattered laser-hght due to the pnmary source closest to

the detectlon system was at a minimum. The effect of usmg lower quahty wmdows-

was not tested However, the importance of the wmdows as a source of scattered
4 laser-hght was shown by the factor of ten reductxon obtained by properly cleaning
[single wipe with lenspaper wetted with metharrol) the apparently clean (to the
human eye)bwindows.j_ |

Another indication of the relative importance of the' entrauce'-Brewster
window, at least With the target chamber as designed was the observation that
removmg ‘the final steerlng mirror (whxch was l.rought to be a hkely source of
scattered laser-light) from about 10cm away from the Brewster wxndow to¢200cm

~
away only resulted in a 5% reductxon in the scattered vlaser-‘hght.

It is also of interest to examine the role of air molecules as 8 source -

of scattered hght For example, for the sod:urﬂ expenmental conﬁguratxon (i.e.

observing very near. the laser wavelength) a target chamber pressure of about

10torr resulted in greater than about lepp of scattered laser-light. This implies .'
(with £ ~ 0.6 x 10~5) about 20, 000 photons from a laser pulse (2 x 10" photons),

over the approxxmately lem: length defined by the slit herght At at‘mosphenc
pressure this corresponds to 2 x 106 photons scattered per centimeter, or, 107 ‘%
per centxmeter Thrs would have been a problem 1f 1t were not optncally 1solated

from the detectxon system R R D TR

e T" s showed that this was

‘At the typxcal pressures xnsrde the target chamber about 10'°torr, the o

‘total scattered l‘aser-hght per laser pulse wlthxn the observatxon length is- about ’

[



) @ :
10~5¢pp, far less tha#l the ob'sérv&;sea&eréd lasex"-light.-“ Thus, although the pfes-
_sure inside thetarget cha.ihber does’set a lower bound on the scattered laser-light,
vih practica this is so lotv that other sources of scattered laser-light. dominate.
The use of A naxl'rpw-ba.udpass interference ﬁlte'r in the.‘detection eystem

significantly reduces the scattered laser-light if the observed transition is more

-39

than a few filter half-widths away from the laser transition. The reduction is

typically between a factor of 10 ahd 100, whereas the rejection ratio of the filters is

about 1000. This indicates, as one might expect, a significant amount of scattered

light due to fluorescence. This was the case for .the titanium and IR——ca.lcium

experiments where the laser background was of the order of 10~ 3%:pp For the
other experxments, the filter does not have as great an eﬂ'ect in reducing the
scattered la.ser-light However, a narrow-bandpass filter was needed tg reduce the

other major source of background signal: the ion-beam backgmund

3

The ion-beam ba.ckground is caused by the exc1tatxon of all levels of

the ions by the resxduhl gas in the target chamber and vice-versa. Even thh o

an appropnate filter in pla.ce, the xon-bea.m ba.ckground was typxcally of 1000cps
3]
(ungated) for a lpA beam at 10‘6torr, except for the IR—calclum expenment
J
where it was about one-tenth this value.

The ion-beam background can be reduced by lowering the target cham-

‘ber prese_ure. For the titanium experiment a two-inch diﬂ'usiontpump was mounted

on the terget chamber “This allowed an operating pressure of about 6 x 10'6tbrr

A0

Suhsequently', a fouwnch pump was acquired to reduce the preﬁure further and

to provide the a.ntxcxpated increased pumpmg speed reqmred for the sodxum -ex-
periment, which’ used ﬂ gas cell to populate the meta.sta.ble level. The 1on-beam
) background was also reduced by ga.tmg the detection system to as short a’ tune as

possible (see Chapter Five on data collection).

——
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Laser bea.m optxmzat1on, whxch is d1scussed in the last sectlon of thxs

~ chapter reduces the scattered laser-light by about a factor of two

r
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32 Doppler Tuning . | : o .

In ’Zder to use the ﬁxed-frequency excuner radxatlon one has to allow
f'for the pos 1hty of Doppler tumng the laser frequency to the desxred-*atomxc

transitioh. Having one sma.ll fixed angle, r,b,‘between the ion beam a.nd. the laser

beam optica.l path will give an a.dequa.te tuning range. However, an exper'iment » |

] whlch requlres only a small Doppler shift to a.chleve resonance would then require

~

that one uses a correspondmgly small ion-beam veloc1ty This could result in a .

significant loss of time resolution and/or require one to use an accel‘eratmg voltage

“outside the optxma.l range fora pa.rtxcula.r accelerator For exaisple, if the titanium *

experlment had to be done at 45°%, the requ1red bea.m velocity would ha.ve been

' reduced by 60%. Thus it is desirable to have a ra.nge of a.ngles available,

In this dxscussxon it is assumed that as indicated in the previous section,

.

the target chamber is deslgned so as to allow the possxblhty of travel in exther ;

,dxrectlon a.long the laser beam optlcal pa.th The minimum pra.ctlcal angle is about

- 45° since one wants to be able to start ‘a. de?y curve as close to the interaction-

region as posmble An angle’of 45° ma.mtams a relatxvely well-dz;ﬁned mtera.ctlon

regxon a.long the 10n-beam dxrectlor;.;swhxle still havmg a reasonably large Doppler

shift.. The design of the optxca.l systezp is ‘such that the sht defining the observatxon K

length and helght can be rotated about the optlcal axis so that the sht is parallel d |

, to the laser beam (Flg 3. 3a) Thxs a.llows one to start a decay curve 1mmedmte1y-..

after the mteract&oﬁ reglon without the loss in signa.l that would result 1f the sht_ '

- were perpendwadh.r to the jon beam as is usuelly the case (an 3 3b)

Rotatmg the slit as descnbed‘lso allows the equat:ons used in. Chapter .

Two to be used thhout eny modxﬁcatxon except to mcrease b to b/ cos¢ Note.
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©slit perpendlculor to the ion beam. The single— exponentuol

] o I '41"-;%;
ION. BEAM OBSER%?&%EX\ \ 5mm |
| - OPTICAL \@657:5\

- AXIS

Slit rotcted about the optlcol axis so as to be parallel - to
the laser beam. :

decay curve starts further downstream than when the slit
is rotated. Possible incredse in laser scattered light unless _
slit dlsploced so as not to see Ioser poth '

™~

'Angle between ion and laser beams too small to orlent slxt
~ parallel to the laser.beam. . L B T

Fig. 3.3  Mustration of the effect of \}ari,ous ion and laser
| beam geometries in relation to slit orientation.



' that rotatmg the sht stlll does not allov? ¢ to be made smaller than 45° (Fxg 3. 3c)

Tlns is becaus;e the maxnnum useful slit helght of less than lcm is limited by the

‘ sxze(< 1em) and placement of the photomultxpher photo—cathode ‘The resultxng .

observatxon reglon must easily encompasaée whole ion beam (S 5mm diameter) -

to ayoid‘ possible vignetting due to the ievitable'misalignment of the opt.ical

system with the ion bea.m ‘At 45° the ion beam already fills almost 100% of the

.
. observatlon wmdow : o \

« -

Some consideration was given to designing a laser beam optical path with - »

a‘continuous.ly yb.riable angle. However, this was judged to be more 'coxnplicated -

than it yvas-worth Actually, since the XeCl excimer laser “line” consists of two

very wxde (0. 05nm FWHM), roughly equal 1ntensxty hnes spaced 0.24nm apart, -

a contmuously vanable angle is not ..ecessa.ry A reasonable compromlse is- to

'have three fixed optlcal paths (1 e. six ports) at 45° 73° and 87° to the ion

" beam (Flg 34) Only two baﬁed tubes are necessary and are bolted on to the

[ 4

appropnate ports whxle lanking off the unused ports

The maxlmum angle of 87° was chosen to give the rmmmum Doppler o

N

shift reqmred about 0. 12nm at the maximum velocxty likely to be used for hfe— v.

.'-txme measurements thh our 350keV accelerator, about 3mm/ ns for Lz"’ The .

' 1ntermed1ate a.ngle of 73' glvea a Doppler slnft roughly halfway between these two

_extremes. {1 s

Although Doppler tumng is not necessary when usmg the dye laser beam,_ _ )

. ,g "
it is convemeﬁt‘ snnce 1t

b

\

=- ows one to stay closer to the peak mtenslty of a glven .
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33 § Detectxon System Optics = . .

The main features of the detectron system optxcs are shown in Frg 3 2.

,The optrcal axis’ of the detect on system is onented perpendlcular to the plane

:v(cf Frg 3.1). It then passes through an 1nterference filter and is focussed by a'

second lens onto a 1mm wrde sht onented parallel to the laser beam and plaeed. .

4

. 'contmmng the laser and i ion bea.ms Ra,dratron from the ion beam is coll lmated by e

a plano-convex lens and leaves the ta.rget chamber v1a a large rectangular wmdow o

- _before the photomultlpher tube. The two lenses have equal foca.l lengths and thus

X serve as @ constant backdrop for the ion beam as the optxcal system was moved"

fwavelength is shown in Frg 3 5 Also shown are specxﬁcatxons useful in adjustmg ._

thls system deﬁnes a lmm/ cos ¢ observatlon w1dth along the jon beam.

‘very 1mpract1cal to move the mteractxon regron in order to obtain a desa

[

'l:.he sphencal mlrror shown in Flg 32 cam, in pnncrple, almost double |

the collectlon efﬁcrency However, as it is another obJect near the laser beam path L

and. reflects scattered hght into the detectlon system, it causes a dlsproportlonate -

wan'ant a reduced sxgnal-to-norse ratlo, the mlrror was not needed for any of the

, experlments descnbed here Instead 1t was replaced by a ﬂat black surface to

' Thrs does have some drsadvantages whrch are drscigssed in- the next sectxon

K mcrease in the laser scattered hght thle some very low light sxtuatxons xmght =

' a.long the ion bea.m dxrectxon The large srze of the ba.ffled tube desxgn made 1t .

The wmdow and the twor lenses are of optxcal quahty synthetlc fused sxlxca o

beam (msxde) can, be adjusted by rotatxng the lens cell xn xts holder The baclc ':

o ‘the lens posltxon for a chosen wavelength

Yow

| havmg a useful operatxng range from about 240nm to 2, 000nm Expenments at o
- shorter' wavelengths would reqmre replacmg these thh UV-grade synthetxc fused.

_s1hca The dxstance from the flat surface of a lens to the sht (outsxde) or the 1on' o

‘focal length ie. dlstance from flat surfa)se to the paraaoal focus, a.s a functxon ofv'
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: INSIDE LENS ﬁat surface sits 17. 6mm from the bottom surface of the cell; beam |

" line is 95mm- from the bottom (m51de) of the taxget chamber; thread of assembly
-_1s 24TPI = 0. 94rev/mm _ :

o OUTSIDE LENS: when screwed all the way in; the flat surface is 32. 2mm from
" .:Ll}e sht thread p1tch is 32TPI = 1. ‘76rev/mm . -

Mlm hi.s 50mm radlus of curvature.
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: The focussmg propertles of the optxcal system were' . modeled usmg a .

ﬂ

_ vsxmple ray tracmg techmque hnea.r propa‘gatlon plus Snell’s Law at’ mterfaces

- - 3

“This was done prxmanly to determxne the actual effectxve aperture of the detectlon .

b
E

system Once the eﬁ'ectlve aperture was determmed an aperture of cOrrespondeg
size (14mm) was put in place 50 as to reduce scattered hght further (see Flg 3 6)

The effective f-stop for the system at 430nnr was f/ 2

The model a.lso 1nd1cied that a slgmﬁcant 1mprovement in efﬁcxency,

/ﬁO% overa.ll could be achxeved by placmg the 1n31de lens 4mm closer to the

seen by compa.rmg Flgs 3 7 and 3.8. One : sees a 40% 1ncrease in the number of

rays striking the photo—cathode in. the latter caﬁc This eﬁ'ect is due to usmg the

S

" lens system for opt1ma1 hght collectxon rather than optunal 1mage forrnatxon The

actual i 1ncrease in detectxon eﬁicxency was not measured _
» . ) - i

. v,u 4 . .

3.4 Ion Beam—-dptlcs Allgnment o _A ‘ '_

A

The movement of the detectxon system to obtam a decayf curve. does .

have some drawbacks The ﬁrst is. the pos’sxblhty of mxsalxg'nment betwgen the
internal and the external dnve screws That 1s, a.lthough bqth' are dnven by

the same steppmg motdr through an appropnate arrangement of- gears and thus ]

will travel the same drstance, they xnay not be- travellmg in the exactly the same

dxrectxon Second even if these two are parallel they may not be parallel to the
direction of the ion beam Fxnally, the 1on bea.m dxverge‘s shghtly, on the order of

tenths' of a degree, as it travels down the target chambe; All of these unply that

s

the mevxtable vanatxons in detectxon eﬁcxency OVer the observatxon regxon of the , = '

detectxon system will result m some systematxc change m mmurcd xntensxty w:th

‘_'changxng posrtxon along, the 1on‘ beam even 1f the actual total sxgna.l 18 constant B B

. 3
[ M . .

e

than the value for the back focal length fo would mdxcate "This can be ° _ |

4f

y&n"
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After ahgpmg the system as descnbed in Appendix II, the actual overall .
. a.hgnment can be tested operatxonally by measuring the ungated xon-beam back- :

ground,’ normalized to the ion-beam current, as a functlon of dxstauce from the

mteractlon reglon After the ?tamum experlment & test using. resxdual gas excx-

tation of N3 beam over 70mm showed no’ systematlc va.natlon at about the 0 2% -

level (see Fig 3.9.1a). Th.lS 1mp11es no worse than a 0. 02% atron over one tita- -

v:50

fmum hfetlme, 4ns. More precise measurements over 12mm showed essentra.lly no

4

‘ systematrc vanatxon, to better tha.n :l:0 03% over- 12mm zf the beam current was

mammxzed by both movmg the eud of the target chamber and usmg the steering -

magnet. With the target ~¢hamber displaced until srgmﬁcant resxstance was met

"~ and maxrmlzmg the bea.m current using the steering magnet only, a systematxc

} decrea.se of at most 0 8% over 12mm (see Fxg. 3. 9 2c d) ThlS would- correspond. "

to at most a 0.3% apparent reduction in the trtamum hfetxme Thxs could b‘

- included as one of the sources of error for the lifetime. - ’ R b ,
The above ahgnment results were taken to mdxt:ate that) when beam

current was maximized by varymg both the onentatxon of the target chamber and

- ,,the steering magnet the targ'et chamber was more than adequately alxgned thh' v

the i jon beam However, thxs proved to be true only at @T onentatxon for the
| sht as used in the tltamum expenment After domg’the 3968 calcmm expenment

a large systematxc declme of 2% over 14mm was found Th:s was also the minimum

. systema.txc decline that could be obtained by varymg the. onentatxon of the target o

: chamber The cause of thxs apparent loss of ahgnment was. later attnbu’ted to the |

fact that the i ion beam, when viewed through the slit ouented at 45° “ﬁlls” the -

entlre observatlon regron “A small n&ahgnment will have a very much great,er' " g

. effect in thxs cwe than for a beam that only “half ﬁlls” the observatlon reg:on

vaergenoe of the ion beam of about 0. 4° FWHM would cause 8 0 6% de- -

_creasein mtensrty over 14mm 1f the observatxon regmn were ﬁlled The uncertmnty’_ o

L

o



257000

__*..___.

GbUNTS ~

255000
@

S U TN T B O © l‘l | O T O T T WS o4 B
~ -. T T i -‘ - .
| ——

253OOQ Hllllllumlll‘

gﬂ

COUNTS

o
1

770000 IIIIrI_II‘l[II[ITI‘TTT]‘.IIIIIIIll[l
- =1 | 10 . 15

POSHHON (mm)

Flg 3.9.1 Varxatxon of the ungated beam bad:ground (UBB) norma.hzed to beam
_ current as a function of distance from the interaction, region. (a) done
with target chamber in same position as tnta.mum experlment and (b)

done wit i optxmxzed a.hgnment ,

51

&



974000

«COUNTS -

T U NS U WY U T [ T WS T A

969000

L 816000

L

s

-COUNTS

811000

llJ‘llllllllJllllllllll

s

)f806000 llllrllll}?f;lllill]llll;TIer
—1 ‘ 10 - 15

POSITION (mm)

Fig. 3. 9 4 Vanatlon of the, ungated beam background (UBB) normalxzed to beam
s ~~ current as a function of distance from the interaction region. (c) and (d)
~ done thh end of ta.rget chamber dxsplaced a few m:lhmeters



‘in the alignment procedure followed in §3.4.1 was accurate to only about +1mm

~ over 200mm. This ,alohe‘could cause a maximum of 1.8% decrease over-"14mm..

53

These two effects combined easxly a.ccount for the observed nusQr\gnment” The

L problem could be ‘compensated for by using the ungated bedm background (UBB) s

rather than the mtegrated beam current to prov1de the necessary normahzatmn

%

‘of the observed signal to the number of ions viewed by the detection system

“The cause of the apparent mxsahgnment” problem was not determined . .

oy untll after the calcmm experiments were done. Although the calcium experiment

v‘?dxd not have to be done with the sht oriented at 45° to the ion beam, the sodium

_éxperiment used the UBB scaling technique (see Chapter Five). Thus it was :

adiiarltageous to'do the calcium e)rpeﬁment with the UBB scaling as. well so as

. . . . Cg . -‘ G . L\‘ s
to have a possible means of judging the merits of this scaling methQd. Itis alsq

Worth noting'aga.in that, /although it would have been ‘relatively .eas.y to increase
the slit height to. 1cm, this would not have completely solved the problem smhe
~ the slit-PMT dlstance and the use of a one-lnch ﬁlter have essentlally the same
effect on the hexght of the observatxon region as havmg an 8mm sht Thxs was
: especrally true for the IR-calcmm expenments where the PMT photo-cathode was

, about 4cm away from the slxt (although a. th1rd lens was placed between the sht

| and the PMT to redu e light loas). o -

3.4.1 /Irf/tlal Ahgnment Procedure

L

\ / All parts of the detection system and drive mechamsm are attachedz to

the removable target shamber lid. The-laaer entrance and exit tubes are a_tta‘chgd ‘
to the sides walls and the vacuum pump .to the bottom-of thefcha.mber. The

shielded Fa.raday cup': and iori-beam entrance aperture (4 or ‘5 mm in diameter) .b )

o .whu:l define the 1on~beam path in the target chamber, are attached to the front ’ o

- and bac.f walls of the ta.rget chamber The mtenor optxcal system is bolted onto
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a monohthxc slabon w heels which is driven along two tracks by the mtenor dnve
acrew The exte::’or optlcal system, 1nclud1ng the photomultlpher tube is mounted
on a- wheeled cart which i is dnvggalong two tracks by the external dnve screw.
Both dnve screws are dnven by the same steppxng motor. A procedure for carry-

. 1ng out the ahgnment of the@mterlor a.nd extenor optxcal systends is suggested hx
Appendlx IL | ‘

——

oy

35 , Laser Beam Optlmxzatlon . o EEEE A
< X

. ThlS section descnbes the laser beam delivery system and the methods

=!

» used to optumze the laser bea.m so as to prodgt)rce the minimum scattered llght
d g possible. All that was needed for the IR-ca.lcxum experlment where the observatxon _ |
" “; wavelength was over 400nm £rom the excntatxon wavelength was to place a deﬁmng
vt aperture (about 4 X 6mm) before the last steenng mirror. Thls sxmple arrangement
produced very low levels of scattered light, almost neghgxble compared with the
decay s1gnal obtalned with the IOyA calclum beam However, expenments where
the observatxon wavelength is near the laser wavelength and/or small eﬂ'ectxve ion
beam currents must be used the' qua.hty of the la.ser beam is more cntxcal The
~ beam dehvbry system’ used for the exclmer laser expenments is shown in Fxg 3.10.
E The laser spot size was determ.ined by placmg a deﬁmng aperture (about
3 X 6mm) before a pnrmtxve spat1a1 ﬁltenng»system Two plano-conVex lemses
 collimate the beam whxle a small pxnhole (about 250pm d:ameter), placed at therr
vmutual focal pomt partlally ﬁlters scattered ‘hght from the deﬁmng aperture Any
subsequint apertures do not touch the laser spot. They serve onlv tb reduce a.ny |

o4

,9!“};1“18 the spot The reductmn of the ﬁa;e and halo

- remmnmg ﬂare or halo 8

surroundmg the 8p0t is: IVery' pronounced when compared to the same sxtuatxon

- with thespatxal“ﬁltenng system removed 'I;‘he% easured scatteted hght thh the
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vdetectlon system lookmg a.t the mteractlon regxon was reduced by about about a |

factor of two us:ug the ﬁltenng system

: There is about a 20% loss in power in the beam, as mea.sured after going'_

through the ta.rget chamber, due to the presence of the pmhole The laser spot.

‘was a very sharply defined rectangle W1th the pgnhole in pla,ce and a very. fuzzy one : .

W1thout it. Note that the power loss going frdm excimer port to the mteractxon

* region is qmte substa.ntlal only about 1% of Le initial bea.m pOWer reaches the' o

~ power meter after passmg through the target- chamber The nmary source of Ioss .

{
(> 90%) is- due to the defining slits before, the colhmatmg system "Most of the

remamder is due to the la.rge dlvergence of the excimer beam (6 X 2. 5mR) before

" the deﬁmng slit and ‘reflection of 30% of the honzontally pola.nzed compone

of the beam at the Brewster w1ndow. As discussed in the previous cha_p_te-r, thxs ,

power was adequate to saturate the transition and sihce the scattered 'las.er‘ li'ghtv “

is proportlonal to the power in the beam, thls low eﬁiclency dehvery system was

: appropnate for these experxments usmg the excimer la.ser IR N

The excimer laser used for these expenments was a Lumorucs TE~860‘ :

'operated on XeCl. The qua.lxty of the excxmer laser beam detenorated sxgmﬁ-- |

cantly near the end of the excimer ﬁll cycle Thxs was shown by an 1ncrease (typx- o

| cally more than 20%) in: the mean scattered laser-light level when the faser power .

'dropped to less than half 1ts peak value The half-power pomt of the laser occurred' :

after about two xmlhon pulses or amut three hour§ of operdﬁon at ZOOpps For all ,»: -

;but the IR-calcxum experiments, the excimer was reﬁlled at least every four hours

_of operation. For the IR-calcium expenment the low scattered laser-light levels

"combxned w1th the hlgh 1mt1al power levels allowed runmng for up to ten hours _

‘thhoutareﬁll ' - S R A ﬂ

The exclmer-pumped dye laser, Lumomcs EPD 330 used in the ca.lcmm_. v

o ’_.expenment was operated at 200pps usmg a PBBO dye solutxon Tumn}ﬁdye

)



laser to the desxred wavelength for the ca?lcxum expenments was. fac111tated by the o

- from the dye laser bearn and a neon lamp were dlrected onto the spectrometer

-entrance Sllt The output of the d1ode array electromcs to an oscxlloscope enabled"

©use of a spectrometer w1th a lmea.r optlcal dxode array replacmg tne ex1t siit. Light

one to view a complete spectrum over about SOA (m ﬁrst order) for a.ny pa.rtlcular, .

©

| spectro,r"e cr settlng The separatxons betweeh several neon hnes about 7943Awere'

g

- measured on the oscxlloscope (m mllllsecbnds) to obta.m a cahbratlon curve toa
- convert between rm.hseconds a.nd Angstroms Wlth the dye beam (about 395nm) o
vxewed in second order, the wavelength could bz(et to about +0. 005nm Flne; _ -

; tumng of the dye wavelength to the atomlc resbnance was done by ma.xxmlzxng

the signal obtamedxﬂsmg the calcxum atormc

.: resonance was typically about 0.008nm (FW

"

e

The observed w;dth of the



. CHAPTERFOUR . Che T ,,,:
: ION-BEAM PRODUCTION o _ \ -?ai\_-.:_f " "
Thrs chapter es the methods used to produce the 1on béam re. & :

. for each of the thr expenments The ion beam was produced usmg a 3%0keV' - - .

"14.

E j-accelerator equxpped wrth a Danfy51k 911A hollow cathode jon sourde ,G‘,ood" o

. a.llgnment of the the ion source mth the extraction electrode of the accelegp.tor‘.,_ ;
7N i : .ue A

‘ column was reqmred to obtain an adequate beam curre}lt This was not easy to%o :

'consrstently as the. ahgnment was sensxtlve to how the lxon source was reassembled'
4after replacement of the ﬁlament and cleamng of the component@ Although this
: ,alxgnment could be vxsually checked w1thout runmng an ion beam by use o{ | .
telescope focusseg‘ on the source aperture, this could only be done onde the ﬁlamdnt

51‘ I

‘was hot : R
: The temperature of the 1on source oven 1s controlled by the prox1m1ty‘
f;of the oven, to the ﬁlament In order tqobtam a stable, long-hved ion beam xt/'l
l_’was necessary to push the qven in very slowly untxl the desired beam current was‘\ e
: reached Both a.rgon and krypton were used as carrier gases e % . , '_ E B "
| .~ The beam line w1th1n the target chamber was deﬁned by the 8mm di-

a.meter aperture of the Faraday cup and 5mm dxameter aperture (or smaller, see

".below for deta.lls) at the entrance to the chamber

41 . R Txtamum Beam o ,
The z‘ z+ beam (v =0. 979mm/ns) was typlcally 3,uA over a 5mm area,
_ _b 'measured at the shxelded Faraday cup a.t the end of the target chamber ThJs_ )

= ._‘TzCl3, m. p -440°C b p- —660°C n the jon. source oven. Usmg argon as a carner o

" gas worked better than. krypton,' but's 4"1' Ar:Kr mix produced the stablest and

5 . a
. v N ‘ - . . .

| hxghest current ion beam

s




i u'/ o

N ,-“/ .

current was found to be extrernely sen51txve to the temperature (a.s well as the
*

The use of T:Cl3 presented a couPle ”of diﬁiculties b"/'F'i'.rst f the beam

S 59,

physxcal a.nd chemical condltxon) of the matenal in the oven The posxtlon of the B

L)

'TzCl3 is extremely hygroscoplc and will decompose- w1th1n mlnutes on exposure

td room air.. This nece551tated ﬁlhng of the oven under

rt:pld tran@ of the filled oven to the ion source vacuum. Dez .

of opemng the bottle of TiC 13 ina dry atmosphere a.nd storlpé 1t in an mrtlght

he precauti'ons ‘

~oven had to be contmually adJusted in order to mmntmn a sta.ble bea.m current .

ﬂ,.:: osphere and -

contamer it became contammated by wa.ter vapor over a couple of months.. After _

contammatlon xt ‘livas 1mp0351ble to obtain a bea.m current of greater. than lpA

Second the chlor1ne rapidly deactlva.ted the ﬁla.ment and the t1tan1um

' and its chlorine: compounds coated the i 10n source pa.rts causxng short circuits

to occur. The ion source components usually had to be replaced or refurbxshed,

after about six hours of opera.txon This hade obta.lmng a txtamum beam a very -

- time consurmng operatlon due te the dlfﬁculty Qf a.hgmng the ion source w1th the

extractlon electrode as mentxoned a.bove These problems were outwelghed by the

4

~1nten51ty and stabllxty of the tltamum bea.m ach1eved

‘metal in the oven with k_rypton as a carrier gas. Most of the rtuns were done )y‘._x)th a
 was determmed the a.perture at the entrance of the target chamber was repla.ced"

. about OuA.

r b S

’ 12""63 Calgr/qm Beam

r " The Ca+ ‘beam (v = 1 099mm/ns) used was typlcally between 10 and:

15;1A a.lthough bea.ms of up to 20,uA were. obtmned Thls was done thh calcium

5mm'dia.meter-ion bea.m however, after the sburce of the “misaligment” problern

w1th a 3 x 4mm rectangula.r aperture Thls reduced the typical bea.m current to



: 43 . - Sodiurn Beam
| As ment1oned in Chapters 1 and 2, the sodlum expenrnent was more |
dlfﬁcult than the others in that a two stage excxtatmn process was reqmred The -~ : B
N ﬁrst stage of excntatlon was the populatxon of the metastable level (see Fxg 1.4) by |
- means of a gas cell. A schematlc of the gas cell is shown in Fig. 4: 1 Since only a
~small fractron of the {onsleaving the gas-cell were expected to be i o the appropngte
'metastable Ievel it was ess.e‘ptlal to achxeve{hwammum possxble beam curreut ¢
However, the gas cell itself ma.kes it d@cult to obtam large beam currents at the 'v } .-
: Faraday cup This is.due to the senes of small apertures (two 4mm and one 5mm)
'w1thm the gas cell 1n addltlon to the 5mm aperture in. the target chamber The o
presence of the gas cell in the beam lme reduced the maximum obtainable K r"'
beam from over 20uA to about 4/.1A Thls sxtuatlon was cons:derably xmproved by |
- a re-ahgnment of the 1on-beam lme after the steenng magnet The rea.hgnment of

- the b%a.m line resulted in & factor of three 1mprovement in the krypton mn-beam

' vcurrg

The N a+ beam (v= 1 531mm/ns) used was typlcally about 10;1.4 mth
: the gas cell in operatxon, altliough a maxunum of 15;1A was obtamedb It was

v

produced usmg sodlum chloride in the oven and kry'pton as’ the carrler gaJ The
| pressure in the gas cell was typxcallx about 0 5 X 10‘3torr The ope;&txbnal pres- : i
sure of the gas cell was determmed by mcreasxng thebp‘ressurek(by Opemng‘:the °
- leak valve) untxl the ungated beam background stOpped mcreasrﬁg~ Tlns peakmg |
, of the UBB thh mcreasmg prwsum: was due to the i xncreasmg populatxon of thc

' metastable level bemg co:nteracted by a sxggnﬁcant decrease m the Na"; beaxn

_ current asa greater fract@n of the jon beam was neuttahzed by the .gas cell Spbc
_ troscopxc analysxs of the beam backgxound vnthm*the passband of the mter;ferenee . '_ :

ﬁlter used in the expenment showed that 1t was entxrely due hransxt;ons to. the

.
. X f".“‘t E K
: S SR

[LaN
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Fig. 4.1 Ilustration of'the gas cell used for the sodium '

. experiment.



- gas cell occasmnally became unstable with factor of two changes in the gas cell -

_,‘f":.:, o

in Fxg 4.2.

a momtor of the efﬁcxency of the gas cell The operatxon of the gas cell caused a

(< 50%) at thie diffusion pump before the gas cell The eﬁ’ectxve beam current i.c..

- seem. to adversly aﬁ'ect the shape of the decay curves (due to the’ eﬁ'ectxveness of
 the UBB normalxzatlon) data. taken dunng these perxc%vere discarded.

44 _ VelOcity Calibration

(*] =

length at the 1on—beam energy at whxch the expenment was performed No matter )

" how accurately the decay length is- measured the accuracy to whxch the ene‘i'gy

(veloc1ty) gs “Khown ‘sets an absolute limit on the accuracy of the hfetlme itself.

.The actual quantity obtamed directly from’the decay curves is the decay '

o v‘level that wa.s to be populated by the gils oell Thus the UBB could be used as*, y
o shght increase (< 20%) £ the pressure in;the taaget chamber and a la.rger 1ncrease" e

- number of atomdfn the metastable leyel produced by the gas cell was surpnsmgly S
- stable, as shown by a small linear dechne in the UBB durmg each sweep. The

: *pressure for penods of five to ten mmutes Although these fluctuatlons dld not .~ -

Although the’ “acceleratmg voltage or “dlal energy can be set to :hO 2keV the:'." s

. vactual energy of the 1ons is only known: to :i:l% ‘The conversxon factor for con-.

vertmg dxa.l energy mto 1ozi-beam energy is glven by the upper cahbratlon curve '

several reasons. Fn‘st durmg the course of some othef (beam-foxl) expenments,:‘.

The old calibratiqn'curve was "inappmpriate for these experiments‘fOr. o

it appeared that foil thxckenmg was hamng a slgmﬁcant eﬂ'eqt on the observed

.. ) "' ’ N : N ’ : I ‘ !
: . < S . L v

£ hfetxmes Subsequent tests wluch momtored the xncreasxng fpxl thxckness w1th' e
. time usmg the Doppler sh1ft techmque [AP84], showed a doublmg ot' the ppergy.}' : :
-loss in the foil (2. 5pg) over a one hour penod The old qua.ntum beat measure- | |

_ments did not acoount for any possxble tlnckemng "of thé foxl a.nd thus probably‘- _
.underestxmated the calibration factor.. - ST o L )
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Second the old measurements were done thh the accelerator in a dlf-

ferent conﬁguratxon tha.n the present one. Formerly the dxal voltage gave the - S

nomxnal voltage on the accelerator column only, the total acceleratmg voltage be- |

' ,1ng glven by the dJal voltage plus the extractlon voltage Presently, the accelerator

- is conﬁgured s0 that the dial voltage is the total acceleratmg voltage

S 'showed the expected increase in the cahbratxon factor (closer to 1) as suggested‘

e by th'e foil thickenjng problem However, although the difl'erence between-the' two

. “of foxl tl'uckneSs and beam current. It is possxble that the remmmng difference cani

Af

x
N 1

5

Thu'd the uncertamty of about :l:2%, g:vxng an uncertamty in the ve- . |

¥

- locxty of 1%, was larger than what one should be able to obtam usmg the Doppler g
k . sluft techmque ‘ E

. " The Doppler shift measurements were then done (also using hehum) and .

S ', curves COrresponds to a constant energy dxﬁ'erence of about 8 or 9keV @e size of |

o ‘:}j..__thxs dﬁference 1s about four txmes larger than expected 1f thxckemng is 1ndependent ‘

~ be attrxbuted to the dxﬁ'egng accelerator conﬁguratxons and/or some systema.tlc' -

error in erther set of measurements In order to dlﬁ'erentxate between these two -

- .possxblhtles, a thxrd method was used to measure the energy at one partxcular

.,‘ . ) ...'- - K
enetgy R O_\ o

5‘ i The (p 19F’) nuclear resonance reactlon [Ma66] at 340 46keV provxded a

ca.hbratlon poxnt«that mdxcated that the upper cahbl‘atxon curve was the correct N

one to use, at feast Wlth the accelerator 1n the prmnt conﬁguratxon.

FR



8.1 Data Collectxon

CHAPTER FIVE
DA’I‘A.COLLECT‘ION AND ANALYSIS

.).

The sxgnal from the photomultlpher tube was amphﬁed d.1g1t1zed and °

/ .
stored ina TN 11 data processor that has been descrlbed prevxously [PG79] Each .

Aata set ‘was accumulated usmg ‘the multl scalmg techmque in w}{)ch several succe—,

sive sweeps are summed Each decay curve contaxned a total of between twenty to -

thirty data points. 'Th ccumulatlon time -for each pomt was typxcally between six

'~ and ten seconds half of ‘which is spent measurmg the back,grouhd sxgnals present v

with the ion beam turned off. Thls process makes the data collectlon process more ‘

efﬁcxent since if any problems arise only one sweep rather than the whole data set

N is lost In addition, multl-scalmg also reduces the eﬂ'ect of any systematlc txme
vanatlons in the signal. Usually the decay curves were ‘taken by movmg down-' _
stream from the mt‘eractxon regxon by 0 5 or 1mm steps A few data sets were_ E

' taken in ‘which the‘data were taken m ‘the opposxte dxrectxon, i e. start in the tml )

and step towards the interaction region. The “forward” and “backward” data. sets

-

showed no systematxc dxﬁ'erences m the hfetlme obtamed at least at about the 1%
o Loh
.level. ‘

| Although most/ of the. data were taken as 1nd1cated above, a modlﬁed

| procedure was used for the last- (IR) calclum data sets Systematxc varlatnons with
i

time can l;e essentlally ehrmnated by recordmg data both m the “forwards” and

“backwards™ dlrectlon for each sweep, i.c. each. decay curve would contam thce as

many poxnts and' the forward and backWard components-analyzed separately and.; g
. then siunmed and reanalyzed This method also has the advantage % separatmg

systematic tlme vanatxons (e g- dechmng beam current) from systematlc vand’.xon

with posxtion (e.g. ahgnment problems).‘, S ._-'j ' j‘i‘ .

" ! ..
L : o ’ - 8
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e L LD LT
‘lFlg 5. 1 Gatmg seduenéé: | .
511, ”Baclés";ﬁ“%“}

of data accumulatlon

xgnals and Gatmg

synchromzed w1th the laser pulse, was’ used to.-v

three mean-hfetrmes long and tj ~- r:se—txme of the electromc components |
In all cases the gatmg pulse was shdrt enough S0 that the detector dark count rate—' -
wasneghgxble(<2x10'5cpp) . ‘ R S o (
At each pomt of the decay curve the sxgnal was accumulated for a ﬁxed
time (z e. a fixed number of laser pulses) for each of the followmg condxtlons
(T) laser beam on, ion beam on’ (Total sxgnal) | o
(B) laser beam off ion. bea.m on (Beam background)
(LY laser bearn on, 1on beam off (Laser background),
(D) laser beam off 1on beam off (Dark counts) | |
| ngnals B. and D were recorded between laser pulses and the ion. beam L
was turned “off” with. -a rnechamcal chopper The .correspondmg gatmg sequence” ;)
is shown in Fxg 5. 1 In addntlon to these data, elther the: mtegrated dlgxtxzed L

. ion- beam current or, the ungated 1on-beam background was recorded durmg the N

~same fixed tlrne as T and B 5

-

The statnstxcal ﬂuctuanons in- the decay signal caused by a large laser' o

‘ background can in pnncxple be reduced by the techmque ‘of- delaycd gatmg Th:s
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mvolves measunng the decay sxgnal far enough downstream from the 1nteractlon o -

“region so that the “decay photons arrive at the detector much later (> 20ns)_ "

than the photons due to laser scattered hght. The gating pulse can then be’ :

suitably delayed so as to discriminate against the 'e_cattered li‘gh_t. This technique

- was used for one series of the calcium measurements. No improvement in the

data was'observed however, because of irreéularities in the firing of the laser,

- which rendered it 1mp0551ble to deterrmne accurately the exact number of laser".

' pulses that were seen by the detection system. “This number is needed to adjust the o

vobserved count rate _to a.ccount for missed counts due tothe fact that our app
L at v

~could only record zero or one count for each laser pulse (see §5.2.1) The conse jent

uncerta.mty in this ¢ plle-up correction” ca.ncelled any ga.m in accuracy that

- have resulted from the lower laser background In order to take advantage of

' techmque of delayed gatlng it would be necessary to use another data channel to:

record the total scattered laser light as well-as the “delay-ed” -5cattered laser hght ‘

®

so as to determine the eﬁ'ectxve laser pulse rate (cf. dxscussmn in §5.2.1 of a similar |

‘ eﬂ'ect due’ to a hlgh 1on-beam ba.ckground)

8o Normalitation '
' 0o

ed) popula.tmn of the lower state of the excitation transmon Tl’us vanatlon
rmc:pa.lly due_ to fluctuatxons_ in the beam current. - The beam current(I)

or the ungated‘bea‘.m background(ljBB'Z’ 10,000 counts per second) was used

to effect this normaliz'ation. The beani"‘curre‘nt rnethod ‘was used when the only

significant source of population variation was dué to fluctuations in the beam cur-

The decay sxgnal was norma.lxzed to ‘account for variations in the (ob-_'

. rent. However, in the vsodium experime'nt,-variations in the gas cell conditions

‘also caused fluctuations in the lower (metastable) leyel popula.tien and the UBB

. .

v



method was used for normahzatlon It also prov:ded the addmonal beneﬁt of :

_:correctxng for any optxcal system/ lon-beam xmsalxgnment

" The magmtude of the needed correctlon was restncted by repeatmg the °

measurement for any data point where N changed by more than 10% from some

By 'preset value. The typlcal maxxmum change in the 31gnal requlred by the normal- e

A 1zat10n of the ﬁnal decay curve was less than 5%

- 5.2 . -Data Analysis‘”‘/‘j* o - o R

Thxs sectlon descnbes how the raw data is converted 1nto the number of |

: counts correspondmg the the smgle-exponentlal ﬁuorescence decay curve as well

as the error in the number of counts. ‘It also descnbas 'the ﬁttmg procedure used

to obt‘ain the d_ecay-length .

5.2.1 | Smgle—Photon Countmg Plle-up Correctlon E

The electromcs used to generate the TTL pulses (z e. counts ) for 1nput

. »mto the TN- 11 scalars could only dxstxngmsh PMT pulses more than 600ns apart

"Thus , lf two (or more) such PMT pulses occurred due to one laser pulse, the."

- ‘system l'vould register only onC count.

P
~ e

- This- all or nothmg countxng clearly underestxmates the actual number'

' of PMT pulses whrch is what one actually wants to count 5{ his eﬁ'ect was taken :

'mto account by usmg an commonly accepted procedure (83 in lKKW78l lAIP85l):"_ ;

‘to calculate the num'ber of mxssmg counts. Tlus correctxon can be obtamed by
v_consxdenng the probabxhty of arrwal of more than one photon dunng the gate
‘correspondxng to one laser pulse. The observed number of counts per laser pulse

(s.e. the count rate, r) is gwen by

r= Z(no of counts for T PMT pulsea) X (probab:hty of z PM T pulsca)

_::—0 )



The PMT pulses follow the Poisson stmstxcs of the source(s) of the radx-
atlon, ﬂuorescence decay a.nd/or la.ser backgro,und a.nd/or 1on-beam background

- as long as. the response of the P'\/IT to the rad:atlon is linear. Thus the probabhhty

e

" of the occurrel‘ of z PMT pulses when the mean. number is p is glven by the

' Poxsson dlstnbutlon
l : .’. TR

S P(z,p) = ﬁ;'—"e_", r=0,1,2...00. - .
. C ) b - v ,' . z'“ . : . . . ". L - ‘
' ._’Thus if -the_re is no- pile-up one gety@eztal\:result
r= Z :z:p(:c p) =
z=0

. However, with_pile-up'the number of counts observed for x PMT‘pulses

7

is given by the unit step funt:tfion,__
'U(‘i)""'— {,o, for z =0,
2T, forz > 1L

Therefore = Z U(z)P(z, y) Z P(:c ;1) =1l-e7#;

z=0 z=1 . %

o, p=-l(-r). ¢ (5.‘2.'1).

A mieasurement of the count rate, r, requires observmg the total counts,:

C for a large number P, of laser pulses HoweVer, the actual PMT pulse rate, -

4, is not constant while thls measurement 18 done due to the unav01da.ble small

ﬁuctuatlons in the beam current Thus eqn. 5 2.1 only applies to one pa.rtlcula.r '

laser pulse (or at least pulses done under identical expenmental cpndltlons, which - o

cannot be provided). To rna.lse this _explicit, eqn. 5.2.1 can be written_,}as,

Wi _Q— D( —fr.).‘. :



5

‘The desu‘ed quantlty, C',is the a.ctual number of PMT pulses obtaxned
from the P la.ser pulses: '

1_1

‘ ,recorded in P laser pulses Thxs leads to the usual p11e-up correct1on

= —Pln<1—<r>>——mn<1—cm 23

& .

Z"'," ‘Zln(l—r.)z—P(ln(r—r)) . (5’.2.2)e
e o ¢

; However, one ca.n only measure (r) C / P where C is the number of counts o

' 'How goqd‘ an approﬁmation eqn. 5.2.3 is to eqh 5 2.2 ca'.n'be deterrhined i

'by expa.ndmg the two loganthmxc terms in a power seqes and companng the "

resultmg expressmn term by térm. .

| . r? ,.3 o (r?) (,(3) .
. C’ =P(r+-2f+—3"+....):P[(r)'+—2—'t'—'3.—+..:]
T e O
N P(r)+ -+ 5+ o

L )

‘Since (r™) is greater than (r)® for any n, the approocimetiou underestima.tes'the-:' :

<

“actual correctxon requu'ed The size of the dxscrepa.ncy can be estxmated by looking -

~at thedlfference o - e o o \

: o

: __{ 2)_ 2) =»

{ R’f«.

The last step uses the property of a Po son dxstnbutxon that (C' 2) (C' \2 = C'

the approxlmate va.lue ngen by eqn 5 2 3 is less than 1 /2P The mxmnmm Pf'

,f.-).’,.}..<'.c*/z'p. L .('5»-_2'.4)! :

e If the count rate is not too la.rge, the observed number of counts c wﬂl a.lmost S
" bea Po1sson dxstnbutlon Also overestunatu_:g the dafference of the left ha.nd sxde -

in eqn 5.3.4 by usmg C/2P partxa.lly ca.ncels the e%ct of leavmg out the lnghet.} | ‘. |
B order terms of the expansxon Thus the the fr@ctlona.l dxﬂ'erence between C' andv R

Y T



- A . . : . ) * -
. v TR : . : . <
- !

““ . . . B

used in any of the expe’rlments for 8 smgle sweep wa.s 600 pulses Thls glves a,

maxxmum posmble error in the plle-up correctlon of 0 08% As an example, if the

counts observed in 600 laser pulses is 200 (r—O 33) then the approxrmatron grves

s C .-—-'4—"-600ln(\1'-'-‘1'/3)=243.'34..‘ W
~The actual value is less than 0.17 larger Ho“'ever, since thls fractlona.l error’
(~1 /2P) vs upproxlmately constant over- the whole decay curve, there will be
es;a\t'ally no effect on the hfetlme due to thls error 1n the pxle—up correctlon |

A much larger effect related to the plle—up“correctlon is the und’ere.stzmate o

- of the plle—up correetlon due to the adetxon of sweeps done at dlﬁ'erent qo nt rates

1thout domg the plle-up correctxon before the sum (s. €. pzle up nom@e nty) For .,’

oy ,' e)tample, it is quite possxble for a glven pomt of the decay curve to have been . |

. '. weak pulses sumxmng to sﬁ{\ount the dxscnrmnator level o .

/
done wrth as much as a 20% dlfference in the bea.m curfent between sweeps if -

" one allows{the beam’ current to ’vary by :l:lO% So, 1f for the ﬁrst sweep (W1th

P = 600) C' —QOU and for thQ.second C'= 160 the observed counts would have o
been 170. 1 and 140. 4 respectlvel) Applymg the plle-up correct1on 40 a- total of
' 310 5 counts obsefved only glves C' = 359 2, wluch 18 0,3% too low "Qf course, the

oaverage over a la.rge numben of sweeps mﬂ result in a smaller d1screpancy since -

t'he bea.m Current“ wxll usually be clﬁto the mean value ThlS —effect wﬂl produce

about 4 0 05% increase nn the measured hfetlme at thls peak count rate a.nd ca.n .

"

be mcluded as a source of €erTor. It can “be' ehmmated entu:ely by ta.kmg the data

g so that the 1nformatxon about the plle-up correctlon for eaoh sweep is’ also stored

.' ‘ . - Up to thls ‘point. the eﬁ'ect on the pxle.rup correctlon of usmg a. lower? .
al

dlscrxrmnator to elumnate weak no:se pulses (and as a conseque,nce, som; si

pulses as well) has not been taken mto accouh* The percentage of ] : ‘:ses reject,ed'

decreases mth xncreasxng count ratev(r) due to the 1n6reased probabx-hty of t%

.‘nh B

RY e . . T . i R . P

Y, 7

~



| One ca.n set an upper hrmt on the magmtude of thxs eﬁ'egt Less than'

LIRS

10% of the 81gna.l pulses were re,}ected by the dxscnrmnator The probablhty of twé
| (or more, of thwe pulses arrwmg dunng one “laser pulse at r= = 10% of 0 33 is -
; _.a.bout; 1. T% Therefore the number of pulses surmountmg the dxscnrmnator leVel :

‘ ‘was no more tha.n 0. 2% of the total observed counts a.t\g 0 33 Thxs decreaacd

. e

5

the” appa.t‘ent hfetlme by less tha.n 0. 1% a.nd was xncluded as a source of error for e el
/ .

| the hfetlme -
Another fa.ctor wh1ch a.ﬁ'ects the a.ccura.cy of the pxle-up correctlon is the
'accuracy to whlch the number of laser pulses, P, s known Although the laser

_ -ra.te can be nomma.lly set to :l:O.l%, one ca.nnot utilize fractions of a laser pulse

so that the ; mum uncertamty was :l:lpulse out of 600pulses or about :l:O 2%
\euek\ForE?'\s
"mumber of counts. However*whem@,ged over a la.rge number of sweeps this ’

0. 33 this corresponds to a :l:O 04% uhcerta.mty in the corrected

‘eﬁ'ect becomes much sma.ller Thls ra.ndom uncerta.xnty should show up xrr ebg ';.

PR

——m it e g

B penmen’ns where large 1on-beam backgrounds are present Thxs dead-tune ha.s the :
. effect of reducmg the eﬁ'ectwe number of “laser pulses Ths la.rgest ungated bea.m o
. background(UBB) observed was 30 000cp.s m the sodxum experxment Thls nges a. \ ‘
n ‘dead txme of 30 000 X, 6007;3 = 1 8x'10'2, or'l. 8% Obvxously thxs only apphes to :' _'

’measurements takyen whlle the 1on bea.m is on*”, '_ e T a.nd B not L or D As an -

..,f‘_.gw ”;r' “ ‘243 3, but usmg P P - (1 8%)P 589 2 one obtmns r = 2444
: 3,;; ‘_ a' 0. 4% d.xiferefrce. Thxs eﬁect ;ncreased the meastn'ed MeMe by about 0 1% and

was mcluded as one of } sourees of erl‘or m the hfetune L

- h'v Lo _-__»".‘ - f. _-".;."'_'v?y y ;;‘
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_5.-2.2:_ . The Smgle-Exponentlal Decay Slgnal | | _ =
| The smgle- sonential decay sxgna.l was obtamed by subtractmg out the '
' .background signals a.nd then normahzmg the result Due to the non—hneanty of
. the pile-up correctxon, 1t was made before subtractmg the ba.ckgrounds from the '
~ total s1gna1 , ' o § A .
, ‘ 'T-»= —Pln(l - T/P) tota.l’signal ’
L= —-Pln(l — L;/P) . la.ser ba.ckground _
; -~
‘ B! = _—Pln(l — Bi/P) beam background Sl |
EaRS o S= (T! - B')N/N decay signal. = . R
Ny is the norrdéhzatlon for the z"’ data pomt and N is the mean va.lue of the ‘
,normahza.txon signal. -
| The variance of S ‘was estxmated a.ssummg that
' 1) there was no error in the norma.hzatlon,
2) T' L' and B” follow Poxsson statxst}cs«and thexr random va.natlons are
. not correlated and, . e . o . o
| 3) the plle-up correctlon has neghglble uncerta.lnty . 5
.". ’ <f ) B < - -
o var(s.) =(T+ I B*)(N/N 2 s
5.2.3° Fnttmg the Decay Curve \\ —— SR - N
R The pgte decay sxgna.l decays eXponentla.lly thh 1ncreasmg dxstance from R
| the excitation regmn 80 that PR S R
8= Ae“’(""‘) a=vr _'=fde'cdy'lengt'h7* R
Q Co e "'A-am litude at:c '- ' . o
| . T . R s P 8 w..l ] '.', . ,
"The coeﬁic1ents A and a and assocmted un(;erta.mtxes 6A b.ndﬁa were determxned S,
,'._usmg a standa.rd least squams fit [Be69] to the lmear equat:pn‘f B | ‘?- ‘_.'
SRR 5‘..,.‘« At \ . 1
T Y..,lns —(lnA)—a(z.—zl)“ \ V S b
- .:' | g . &‘.“:‘L‘ o . . v | ‘ ‘ . \v,- .“‘}:’2.»..
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The fit was we:ghted m:cordxng to. the inverse of the va.na.nce of the Y,

rra :

var(S )
5.2 -

\ . vaﬂY.) = var(ln S.) =

<

In order to ensure tha.t none of the pomts used in the fit was taken o

- 74 :

the 1nteract10n reg;ob, ponnts are truncated from the beglnmng of the decay curve' E

to. test for syste:na.txc va.natlon of the hfetunes 80 obtmned Scatter-plots of the

ﬁts were also used to t&et for any systematlc devxatxon of the actual data. from the'_ '

e

ﬁttmg functxon

If the ‘teduced chi- squa.red (x,) of a fit was grea.ter tha.n about 1. 5 or -

the scatter-plot showed systematlc va.natxons, the: ﬁt was consxdered una.cceptable , =

and rejected The fit prov1des the purely statxstlca.l error in the llfetxme,

.

.'_ 3 " 51’.‘ = T;('ﬁo;/o;‘), |

. g.’_ .

-~ which reﬁects the ra.ndom sources of error such as the Poxsson dlstnbutxon of the :

counts and ra.ndom ﬂuctuatlons in bea.m current

If th‘e mns were done under’ the same cond:txons the runs were a.lso 8 m )

e 'The 1iigkmaitiar error' estlmate frorn each mdxvxduz.l run was used ina -
v(exghted aver 4:  inean hfetxme (1'), the atanda.rd etrdi' of the tne‘an

- (5?;) and the smgle- d devmtlon width (61'4,,.) of the dxst.nbutxon of the

¢ hfetxmes about the wexghted mean va.lue S
,,c-'_% 4 : . R Ev""‘wl. where w' = (1/61‘,)2 i f ¥
’ ‘ - S ' . _‘.._.;"_ g}!’ui L l BRE ¥

SR : '. Ew,(‘r-r.)2
j :‘g e 61"“ (ZI/JT ) B d STJm Zw‘ ‘ ‘ e

rea.nh.lyzed Systematxc errors, moet of whxch h:ave alx{adx been dxscuseed mt 2

,:':c . U Sy .‘_
o , .
f AR ., . " Ve
B P e AL | y -
g - R
R - -
G [
N4
?

also be mcluded in the e;ror eet;mate pf tﬁe hfetune Thxs xs dmcuse'ed m the nm




53 Estlmat.lon of the- Uncerbamty in the Llfetlme o

e

There is often a great deal of confusron as to ‘the exact mea.nmg ¢ of quoted

error estama.tes, espec;ally when averaging the results of several runs. This occurs

prlncrpal}y as a. result of the abbrevratxon of both “st&nda.rd dev1at10n of the dis-
- tnbutlon and * sta.nda.rd error of the mean” to “single sta.ndard dewatxon error” |

_The ﬁrst pa.rt of this. sectlon dlscusses the drfference between the two “errors”

‘and. whlch of them is more appropnate as an error estlmate The second part

A

deals wx__th the _contrlbutton made by 'systema.tlc sources of error to the final error

. ¥ L &
-

_-estimate. e ' _ - .

531 7 Random Sources of Erro and the Estlmated Error ;

- .
.The random ﬁuctuatxons (during and between runs) due to the beam

y
gurrent, bea.m energy, Poisson dxstnbutxon of counts, normahza.txon mgna,l etc

'are reﬁecte}i 1n the (welghted) w1dth 61‘,1,,,, o&' the dlstnbutlon of hfetlmes (1' :

dxstnbutlon) obtained from the ﬁts This wxdth should be urdependent of the= '

-

number of runs, assummg each run is done under about the same cohdxtlons £.g.

15

N bea.m current a.nd accumulatxon txme Therefore 1t is not an 1dea.l measure of '

-

’,fh“e estlmated etror of the mea.n, T. As an extreme aexrb.mple of thlS cons1der the: -

' -twenty wi nbtameg from twenty runs done under the same }:ondxtlons Then one

.- 'expects'é‘rdm to be about \/20 1 times. the or obt@ed by ﬁttmg the sum'of the'

) twentymnstoformonedataset L s -_- f".- -

The usefulness of 61',@ is that it is-an xndrcat:on of how well the errors

T

and llfetxmes of the mdxvidual ﬁts match the the observed dlstnbutmn of hfetrmes

B In fact 6Tdm is: proportxonal to the reduced ch1 squared x,, of the dxstfibutw}(

" -l Ew.(‘r - T')z ny . L | './ ‘ . '. R ‘: con
DV . ,1'. % - _ , v =ho’ o,f.ru.nsiz_’ 1) . e
Lo o -i fheretﬂre, Gf’m ~ féf. : 1] x g 1) - - R -
‘ ks : é( - 8 : K v‘- .'.-\‘\'\' ! i"-""’ - ‘.'. L‘* — .._‘l e .. o .
oS .- MERY U P . ~ ¥ ‘ . ' . G B E o
‘ : f e T '{ ' i J [
d' - * ® z ~ Sk ‘:



The last step“im&icates that the quaatity that gives the estimated error in the’ ”
" mean decreasee as the square root of the number of runs as one xmght expect :
Thxs prowdes a useful test for the pxeeence of changes m sy;tematxc error effects
between runs ‘and also for the va.hdrty of the ﬁttmg procedure as a whole. If -
674,,, > % 61',,,, then using 67, as the error estxmate 1s not Justlﬁed tind 61'4,,, |

: R N
provides a better error est-xmate. ' SR B

. . ) ¢ . .
5.3.2 e Systematxc Sources of Error - S -
Most of the systema.tlc sources f €error. have a.lrea,dy been discussed in |
thxs a.nd the prev10us cha.pters Theee sources are summarmed in Tablg 5, lg.long

W1th two ether sources of error: de—excxta.tlon by 1‘681(1,“81 gas a.nd the. eﬁ'ect of sys- |

v
. R

, sure vana.tmns when UBB norma.hzatxon was used‘ Table 5 1 provxdes
."' ¥ i he ma.xlmum eﬂ'ect on the hfetune due to ﬁach source m a.ny of _'..’
o T J c‘g ) : : . ) o ; .

;.
e




Table 5. 1 Maxxmum eﬁects of systematlc errors on the hfetlrne Not all effects

listed apply to each expenment and the ma.xlmum doesn’t a.pply to o

each experiment.

L

o SﬁCE \ DIRECTION : DECREASE' S \INCREASE

: P1leip non-linearity = - - , A +0 1%
Discriminator =~ L | ~0.1% i_ o -
'Dead-time - R 4}0.1% |

Velocity C-05% . F05%
Qua.ntum beats . '_:—0.004% W SO S R
Resxdual gas de-exc1tat10n _ Lo —0.03% S B ' }'_"5\ " :
Pres_sure effects on UBB . - _ o L +0.8% S

Decline in laser power - =0.2%

N L4
¥
.

: observed to 1ncrease by between 50 and 100% thle the detectlon sys’tem returned | ) |

from the downstream posutxon at the end of each sweep "As the th\e‘beam current

‘was ﬂuctuatlng by 16 more than a few percent the only reason for such a large - |

increase was a correspondxng 1ncrease in ‘the target chamber pressure ThlS was

'presumably caused by a tempora.ry leak through the drxve«shaft “9” nng over .

_ the a.bout 8 seconds of contmuous travel back to the start posmon of the decay. -

_curve. Although the UBB dpopped to w1jun 5% its “no N al” valueas soon as, the

| motlon stopped a.nd was' no‘rma.l a.fter th& ﬁrst data point, 1t was poss1ble that

* the pressure contmued to dechne slowly during the subsequent deca.y cune aqulsx-

tion. Thus the usua.l slow decrease in UBB due to dechmng beam urrent durmg a.

Asweep may have’ also had a small component due to dechmng press

| _‘cause the measured hfetxme to be too long. The eﬁ'u&t ca.n be reduced by ta.kmg R

v

"-deca.y curves in both dxrectlons of travel It a.lso cart be essentmlly ehmmatedi
| by norma.lxzmg a,ccordmg to mtegrated bea.m current and usmg the UBB (where -
_needed as.in the sodmm expenment) only es a momtor of allgnment a.nd/or gas - .

Geu St&blhty j - ‘ ," ' L ._‘_' - ,"‘_ ’ :, o f

Thls would



L N - ‘.

e
.o

. Tests sbpwed that there was no systematlc presSure effect due tor the

temporary lea.k” before the begmmng of each sweep (1 é when takmg data m
" one d1rectlon of detector travel only) However, these tests d1d reveal a systernatxc :
'. drop in pressure of about 1. 8 :i:O 5% over 14mm of travel Thls was caused by the

mqtron of the la.rge, ﬂat backdrop used to provlde a const‘aﬁt v;ewmg background

' 4‘

for the detectlon system The plate vgas Only about 3cm above (tHe aperture of

O

the 4—md1 dlﬁ’uswn pump and movuig ther detectiqn system downstream caused

’

a a.u eﬁ'ectxve mcrease in the pumpmg speed Thls reqmred a correctwn of 0 6%

for the sodmm hfetlme Due to the si2e of thxs ¢orrect10n compared to the other -

. isourees of error, the uncertaxﬂty m ma.kmg thxs correctxon was taken toﬁe :!:06%

-

‘P‘.‘_-‘,; .

- apphcahle systematlc errors in quadrature w1th the standard error of the mea.n

. (p_r_ the standard devratxo_n if more: appropnate;).

- T 61’,e + 61',2 1/2 i i 6Tdm <~\/176‘r,,, :
51‘ = 251’ and 6 . VVOTse
(6Tdm + 61'2) ) otherwise. :

3

The total error in the mean hfetrme was estlmated by ta.lung a.ll the R
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| | CHAPTER $IX
-~ DISCUSSION OF RESULTS

61 The Trtamum Experlment 7

In this. expenmeht the 1nd1vrdua.l runs made using a vanety of beam

.-}5 5

gl

currents and two dxfferent steppmg pa.tterns as 1nd1cated in Table 6. 1. The dxﬁi-'-‘

culty in obtalmng astable 1on-bea,m current in t,he 1—4yA range is reflected in the

range of the peak couﬁts for the five data. sets. The runs usual]y had to be termj-

ated sooner than de51red due toa drop in the bea.m current below the tolerance

x _,(:1710%) set for the normahzatxon If the current couh:l not be increased to within
Ty the preset tolerance by sxmply 1ncrea§1ng the temperature of the i ion-source oven,
§ the run was ended and anew one begun a.fter ma.kmg major readjustments of the

' 'xon source ThlS procedure ensured that all the swee of a given run were done

| under approxunately the same condxtlons, although

esulted in two data sets ,

.havmg less than about 300 counts in the peak.. Althouhe obse{ved count rate

. vwas qulte low thh a.bout 3% of the laser pulses producmg one observed count ,

R

at the pea.k of the decay curve, the relatlvely low ba.ckground prov1ded; a

'sxgnal to-noxse ratlo of about 10 1 at the pea.k The typxca.l inte ecay curve
dxsplayed in, Fig. 1 5 shows the relative 1ntensxt1es of the varioi onents of
the total sxgnal | v

The ﬁve decay curves were sta.rted at posxtxons that were suﬁicxently

f v' fa.r (about 1 to 2mm) downastre»fm from the xnteractxon region that truncatxon h

) of points from the begmmng of tlie curve produced no sxgmﬁcant effect on the

lifetime obtained other than to mcrease the uncerta.:nty The hfetxmes obtmned :

7 from the ﬁve mdmdual data sets are shown in Table 6.1. They fall well thhm the .

statxstxca.lly expected range of valuea as is mdxcated by the value of 0. 86 obtmned

fortheredncedchxsqugxedofth ghtedmean - o l '



80
‘Table 6.1 The lifetime’ of the z 4Dg /2 level of Tz as determmed from
: mdnndua.l runs. : R
R L ~PEAK _ : \STEPPING
RUN# B :r(ng) - x_,z, , COUNTS(n/r)“ ‘I(pA) PATTERN -
1 3.951+0.087 _1.00 1350%0 023) .29 12x05mm |
2 4.150% 0.136 1.14 031). -~ 3.7 +6-x 1.0mm.
3 . -3.959+0.092 0.97 - 750(0.053), . 4.1 +3 x 2.0mm ",
4 4,296+ 0.230 1.09°-  200(0.028 2.3 15 x 0.5mm v
5 3. 941:t'0 259 0.97 - 300(0. (144 . 24 46X ]\()‘rz:z
" '4 004 :i: 0 054 0. 86 —welghted mean .- | : -
= 4. 012 +0. 054 “correction of +0.19% mcludmg a.ll sources of error .
‘ ' (see Table 6.2 below) e - F o
T=4.01+0.06 -roundoff '1'9:":1"&":_,' ’ o
‘ “)n/r -—(pea.k counts)/(number of laser pulses) L Sge '
' '-;‘- “g -
EEEEET R

The systematlc correctxons for the titanium expem“lent are glven in’ Ta-

' rble 6.2. The small pxle-up correctxon leads to- small errors due %o the system.: )

dead-time a.nd dxscnxmnator correctxon as well as the pxle~up non-hneamty 1tself L

.The uncerta.mty in the systemat1c correction was ca.lcula.ted y takmg all 5}(-'\ '

dlwdual entnes m Table 6.2.in’ qua.dratune The resultmg value is only a shght R

o i

overestlmate of thé uncertmnty since the uncertaxnty m the velocxty overshadowev _

-

~all the other sources ofex‘ror '_ o , i . : L

Comblmnga.ll the above errors in quadratune and usmg the Wexghted: o

f '-mea.n (corrected for- systematxc errors) of all the runs, one obta.ms a hfetxme of--)' L

- -4 0; :t: 0 06113(1 5%) for the z ‘Dsn level of Tt""' The value of 5 2m:h '.% quoted 3

result Howe\rer, it wmtereatf"." I
subsequent work [RVC'L.'*(ob -"_ ined '_ A
;f"'hfetxme of 4 !ma:h < 15% whxch xs in acco;d w;ti; ou:valw




Other estimates for thislifetime may be obtained @the works of

Wat'neera67] who combined Coulomb approwcimatiou‘calc'ulations'with emi‘ssion'

Table 6.2 Systematxc effects on the observed titanium- lifetime. {%

f QAUSE\EFFECT - INCREASE UNKNOWN DECREASE '{'ﬁ'
Quantum Beats . +0.004% .'
Collisional De-excitation C } —0.1%

. Dead-time , , +0.01% ' .
Pile-up Non-hnea.nty +0.01% o o
Discriminator SR - o -0.01% -

- Laser Power Fluctuations L -01% -
Velocity Uncertainty . : ' :i:O 5%\ : o
Misalignment T - 30 03%

A ‘Tota.ls ' . : - 40. 02% ‘ , -‘-'-0'.21%'
Net effect is 2 0.19% decrease in ‘the observed lifetime. . '
The uncertainty due to systematic eﬁ'ects is taken to be all the effects added in
quadrature +0.56%. - ,

mea.sunements to obtain f-va.luee lea.dmg to a lifetime of 3. 6ns, and of Mendlomtz E

[Me68] whose semi- empmcal mtermedxate-couphng calculations may be similarly
 used to obta.m a lifetime of 2.8ns. Fma.lly, the ab 1mt10 calculatxons of Kszer and
anderberg [KL75] suggest a value of 2. %ns or 3. 1ns, dependmg on whether the

dlpole length or. dlpole velocxty fonn is used.

‘6.2 . "The Calcmm Expenments .
‘The results of the [IR-C&] expenments have uncertmntxes wluch are
| about a factor of three better than thom obtained in the [Ca] expenments Thxs

was caused by several factors Fxrst both the laser a.nd 1on-be}un background

sxgnals are almost neghglble in the IR-expenment (cf. Fxgs 1.6 a.nd 1.7). Second :
’ ’. the nbrmahzatmn (e 1on~beam current) in the IR-expenment was conatant to

. (wuthxn(lees'than i:O.{g%_,‘whereas,the no:mahzatan.m the [Ca] expenment varied L

LI «
g

& 7
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: 1llustrate how it was pos31ble to extract

vfi\"‘ .

analyses of the [Ca] decay curvesﬁndxcated that the curves departed somewhat

from a strict sxngle—exponentxal decay: curve, ThlS forced a large increase in the

"-'surnmmg data subsets, weighted means, truncatlon of pomts)

' The next sectxon deecrlbes how%e data sets were analyzed more: to
an

curate, if not very precxse hfetlme

' from non-ldea.l data, and to point out the probable cause of the dxfﬁcultxes

6 2 1 "y The [Ca] Expenment—-zPl/g

decay curve abo‘& 30mm downstream from the Interactxoxt reglon and allowed for - .

o

the “d1rect” transxtlon, 1.e. the same transmon as was excited by the laser beam

Thls combmed with an 1on-beam current of about 10pA, enabled one to start the ‘

the posmblhty of dsmg the “delayed—gatlng techmque (see §5 1. 1) Thxs was done' |

. fot - ..he series of mﬁsurements of the 2P1 /2 level

' 5‘ The analysrs,of the mne decay curves measured in this way resulted xn a

82 _L. / g

'systematxcally, usually dechmng by about 6—10% over three leetlmes Thxrd the -

'error estlmates obtmned in order to account for dxscrepancxes between either the .

'-,.'1nd1V1dua.l data sets or between the results usmg different analysxs techmques (e g

As 1nd1cated in prevxous chapters this expenment was done by observmg |

wexghted mean lifetime of 6. 940:!: 0.036ns w1th a reduced chx-squared of 1 27 wh:ch_ '

- is not’ unreasonable However, this result co@d &nly ’%btmned by truncatmg | |

| anywhere fromZ'O—r’I data pomts from the from thg begmmng of the decay curves |

The number of truncatron pomts reqmred was dxﬁ'erent for most of the data sets S |

-_:reducedchx-squared | o L B t ‘

' no truncatnon at all should be neoessa.ry at such a large dmtanee from the mterac -

Thxs raxsed some suspxc:on about the va.hdxty of the etror estnmate smee -

txon regxon and xf it l§ used thdlsame truncatxon of pomta from eaeh run should{': R

".‘

‘\Wxth no truncatxon at all, most of the runs had unacceptably large valuee for thetr N



gwe the same hfetune (thhln the estimated error). To acccount f% this, the error '.

' estlmates from the ﬁt@g procedure were mcreased $0 as to produce x,, = 1 for
:_the_ _we:ghted mean. The re_sultmg uncertamty- in the mean was then combmed'

in‘qu.adr_ature with the other sources of error. -2he result was then doub‘ledto

83

obtain a conservative error estimate given the anomalous truncation behaviour of -

‘the analysis. The lifetime of 6.95+0.18 ohtained from this series of 'mea'sure.ment's |
-‘turned out toh’é subsf?ﬂ.ntmlly lower than the result obtained in the '[IR-Ca] ex-+
, perlment (7. 07 E- 0 07) done's!x months later. However the two results 'do agree to@

W1th1n thelr estxma.ted errors .

The dlﬁicultles descrxbed above can be. attnbuted to. the dela.yed-ga ing -

techmque used to ma.ke the measurements As pointed out in §5.1.1 the_ la_.ser -

background “removed” by delayed gating produces significant system dead-time

' 'whxch vanes greatly because of the thter a.nd dnft in the laser pulse arnval time

with r&spect to the gatlng T ";"' eﬁ'ect of thxs would be to produce erratic vanat:ons

'~ in the number o£ eﬁ'ectxve laser pulses that the ’detectlon system sees”, the effect

~ being most p_ronounced at-the begmnlng of the decay_curve. L
3 e

K2

6.2.2 The [Ca] Experlment—2P3 /2

Thxs sena of expenments was done usmg normal” gatmg but d1d use

\’){

R the UBE-nom'f&hzatlon techmque in prepa.ratlon for the [Na] expenment Ana.lysxs

of the nine runs usmg 8 sxmple smgle-exponentlal ﬁt (2-fit) resulted in a welghted ;

mean hfetlme of 7.08 £0. 035 with an unacceptably large reduced chx-squa.red of
2, 3 Only two of the 1nd1v1dua1 ﬁts had unacceptable chx-squa.reds (~ 1. 7) wlth

the remamder ra.ngmg from 0. 92-1. 4 Further analysxs was done by summmg' |

4compatxble data sets to- produce two composxte decay curves and also by doing -

a three-parameter fit (smgle-e:{pohentxal plus a consta.nt) on the mdxvxdual and

summed decay curves. The results are shown in Table 6. 3 '

-

g
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~ the [Ca) 2P3/2 senes of expenments

DATA\METHOD _ ofits (¥ 0 3fts (x)
Weighted mean ~  7.08 4 0.04 2.3 © 6.85+0.09 (0.66)
Sum of 1-3 - 7.23+0.06 (1:4) - 6.85+0.12 (0.98)
Sum of 4-9 7.02 £ 0:04 (0.82) . 6.80 +0.14 (0.82)

1

The 3-ﬁt renders all the data sets consxsten.. with ea.ch other and nges |

' a.cceptable va.lues for the chi- squa.red Usmg the wexgbted mean of the two summed

¢

Table 6.3 Companson of the results of drfferent ﬁttxng procedures'for B

& _
data sets one obta.msa value of 6. 87:b0 .09 for the lifetime. However the uncertamty .

was. then doubled SO as to account for the dlscrepancy between thxs result and the'

~ value obtalned from the welghted mean of the 1nd1v1dual 2-fits. Thus the pubhshed :

) ' hfetlme for this series of expenments was 6.87 + 0. 18ns [GPA88] By chance the
C hfetnm@obtamed in the later [IR-Ca] expenment had the same value but a much
= ‘smaller uncertainty: 6.87 £ 0.06ns. "& D - )

The dxscreparncy between the results of’the 2 and 3- ﬁts can be attnbuted

: to an 1ncrease in the obberv7'hfetxrne caused by the dead-txme effect (~ 0 2%)

and the UBB pressure effect/ (about 0.9%, cf §5 3. 2) ‘This experxence suggests .

A txons very constant 1on-beam current (IOpA for 1—1/2 and 5pA for J—G/2) and
- -j".low background mgnala (cf Fxg 1 7) The laser baékground was 80 low (leu than

. '”vt,‘:’?.. ' :_ . ‘

.fziAs :ndncated above, thxs senes of expenments was done thb xdeal Jondx- ‘

i ':nentxal character of the decay curves Thxs ‘was done w:th the data from'»v g

[t

jhat 1t_ would be wise to analyze all data with a 3-fit as a further check ongthe o



' 'was consta.nt over the whole decay curve. H" _

_'»"1'." e

s

5 out oﬁ5 000 laser pulses, or, about 0 1% of the: pea.k sxgnal) that the da.ta, col—

* " lection techmque was. modxﬁed s0 as not. to waste beam time accumulatmg almost

no counts w1th the ‘ion beam turned «“ ff” a.nd ‘the la.ser beam “on”. The la.ser o

h,ackground was measured for one sweep before and a.fter each complete data set.

Y '
A' 4

t

“series of experiments).’

CAUSE\EFFECT . JNCREASE UNKNOWN DECREASE

O o : 8
»Qua._ntum Beats St T :EO 004% : '
Collisional De-excitation o - -0.012% -

 Dead-time - +0.02% - / C

* Pile-up Non-hneanty < +0.005% - o : -

- Discriminator : N T ; - -0.1%
Velocity Uncertainty « . +0.5% - . o ,
Mlsahgmnent o S +0.06% - -
Totals L 40.025% o2

Net effect is a 0. 087% decrease in the observed lifetime. ¥

" |quadrature: :l:O 52% o T

>

Table 6.4 Systematlc effects on the observed ca.lcxum hfet:me ([lR-Ca]< '

The uncertainty due to systematic eﬁ'ects is taken to be all the effects added in|

9 | Ea,ch data set consxsted of from 16 to 20 sweeps glvxng a total of between :

- 3000°and 5000 counts at the peak of the decay curve. Each sweep consxsted of

25 data. ponnts spaced lmm apa.rt In order to reduce real-txme .dependent effects-

) '.(cf §5 1.1), alternate sweeps were ta.ken in opposrte directions of travel 'I‘he» "

forwa.rds and backwa.rds sweeps were a.na.lyzed separately and then together. No-

. systematlc dxfferencw were observed between the two The start poextxon for the‘ :

' -sweeps ( about 14mm for the T = - 1/2 level and 5mm for the J= 3/2 level) were_

'suﬁiclently fa.r downstream from the xnteractxon regzon thiat the laser background .

‘ ehmma.te the earth‘s magnetnc ﬁel& ma.kmg the e!fect of qua.ntum beats on jhe

v 'v o;i,.w R
: B | '

oltz coxls were used to ebsentxa.lly : ;

5.,



~—~ —Table 8.5, Llfetlmes(ns) obtamed {trom smgle-exponents{':ts for’ the
. . L N . :

L
[

[IR—Ca] experiments. _ SN\ -
RUN/LEVEL | PGB - P l)

Oo 7 099 + 0.056 (1.08) - 6.784 +.0.050-(0.38)
7.03540.061 (0.31)  6.897 £ 0.047 (0.73
6.979+0.061 (1.11) ~ 6.859.40.044 (0.68).

| 6979_:{:0062 115 - 6.862 % 0.049 (1.18)

: | ‘ *6.882 £ 0.041 (1.13)

weighted mean . 7.070 4+ 0.030 (1.74) 6.860 +0.020 ’(0.61) |
T e £0.040 (1.00) *
summed data (all)  7.067 % 0.030 (0.90) ’?s 876 + 0.020 (0 59)
summed data (14) .  -%6.857+0.024 (0.42)
werghted mean of ** SR +6.863 £ 0.021 (0.28)
ly averagevalue . 7.0694£0040  6.861+0021
|~ "with corrections ¢ 7.075+£0.06 - 6.867+0.05
? ' rbund off’ 1071007 6.87 + 0.06
}_ ' B S S .

=
. » v
by .

IR

" decay curve neghglble "The only srgmﬁca.nt systematlc source of error was the’

.velocltyasrssthanable64 a~ SRR - ‘3'.

' The tesults of the analysxs of the mdxwdual runs a.nd summed data. sets _

- are presented in Ta.ble 6:5. Truncatlon of pomts produced no mgmﬁcant varigtion

Cox Q

e

. in the lifetime obtmrxed from the ﬁt The werghted mean for the J 1/2level hasa -

. x = 1.74.. The probabhhty that the red/c::d chi- e;uared is less tha.n this is 85% .

" the value that would produce 2 x2 = 1.0 was used for ‘the estxmated error of the

Essentxa.lly the sa.rrre Iifetxme was obtauned from the summed data w1th a more

'reasonable x: = 0.9, mdrcatmg that it was probably just chance that E;oduced 2

such a la.rge x? for the wex*:ted mean. However to be sure of the error estlmate, ,

mean, Tlus nges a ﬁna.l result for the hfetxme of the J=1 / 2 level of 7.07 + 0.07ns.
The sum of a.ll the B —3/ 2 data sets results in a lifetime of 6. 876 +0. 020ns-

. . 4
~ . c. 1 " . " .
2 - . : ¢



whxch is larger than that obta.lned from the wexghted mean of the mdmdual runs

(6.860 + 0 020ns) Thas :s due to run #5 havmg a.bout a 50% greatet excxtatxon
R

i

. ' _- o .‘-'w' VA , N '
-:[Flg 8. ls\Llfetlmes(ns) of the Ca'*4p2P1 12372 levels obta.med from t} work as 1
' : well as prewous méasurements a.nd theoretxca.l estlmat:s.
Sburce/Ln‘fetlme:; e o ‘_’_' - e
|d=1/2 level © . o u ' e R T
| This mrk(bem-luex) 1. 08:!: 07 ‘ - . e
This work(Coulomb approx.)[BD49] 6»;7 —_— Tt e ' ‘_ b
,[GPAss](bedn-luer)sssi 8. o gl R
[AIPBS](beam-lnser)696ﬁ:35 e
| [AIP8S)(beam-foil/ANDC) 6.624.35 . . - I
- [ADJs-zox](bem-fml)nﬂ i AT e o
' rela.txmt_lc poeudopotenhal[HS78] 644 ' oy
. SCF+core pola.nzahon[’I\-GQ] 6. 39 o T ( -+ .
Average of J=1/2and 3/2 - L 7 R
o [SL7l]phue-sh1ft7l:h R . . i "\l‘\®' A
- [EBBM?S]beam-fod(ANDC)ls 450 — R R
variational HF[Bi77) 7.67 - ' B oy
| Coulomb approgma};ou[LN77J 638 . o+ ‘ R '
=3/2 level | e |
' Thxs work(beam-liser) 6. 87:!: 06 R o T e
This work(Coulomb Approxg)[BD49] 6.64 . . : + o
[GPASS](bea.m-luer)(is?i 8- S
[AIP85)(beam-laser) 6.714.25 . o S DN T
[AIP85](beam-foil /AANDC) 6.68:.35 ‘ o '
[ADISTOb]Beam-foil 7.4+.60 - ' : S .
[RS76]Hanlé effect 6.612.319 ., /¢__°___ '
1| SG66]Hanlé effect 6.72+£.20 - L4 ol : .
relativistic pogudopoteniiﬂ[HS78] 628 4+ , Lo o L
SCF+core polarization[T¥69) 6(;! - ‘ + ‘ e ' /
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_ efﬁcrency ( t.e. peak sxgnal/mtegrated beam current) than the Test of the runs.

3!

88 '

' Thls increase in efﬁc1ency was caused by defocussmg the ion beam at the deﬁmng

aperture s0 as to decrease the Doppler width of the i ion beam thh re‘spect to the

: laser beam.” When set #5«15 excluded. from the sum one’ obtams essentlally_the
3

T

same result as. the wexghted mean. Thls leads to a hfet]me for the "P3 /3 level of °

687£006ms. .

"

Flg 6.1 graplncallv pr esents the resuljss obtamed from thls wovl\ as hell

as pre'vrous measurements and theoretlcal estrmates The e\:perlmental lifetlme

- .

. -for the calcium lévels are in agreement w1th1n the, estrmated errors and are g eater |

" than all the theoretrcal results ‘except: for the varlatlonal Haxtree Foch result

: , E — . =
" 'Table 6.6 Systematic effects.on the observed sodium lifetime.
CAUSE\EFFECT INCREASE UNKNOWN DECREASE -
Quantum Beats(Hfs) S £0.02% .o
Collisional Detexcitation S : } -003% -~
Dead-time - ‘&  +0.1% ,l* '
yPile-up Non-linearity - O H01% Y .
Discriminator ' S -0.1%
Decline in laser power - ' o o -0.2%
UBB normalization - . 40.6% L : ‘ '
Velocity Uncertainty ' ' C . +0.5% —_—
Mlsahgnment - ‘ o+ £0.03%
-} Totals, o C408% - . - O .0.33%
Net effect is a 0.47% increase in the observed lifetime. : '
The uncertainty due to systematic effects is taken to be all the effects addgd in
’ quadrature +0.83%. . S D

63 . Thé Sodium Experiment

RN

Perhaps the most remarl\able thing about the sodlum experlmental data

is that there is little to remark about it, conmdenng\% potentlal problems thh ‘



. -
i :tra.ns1tlon As mentxoned Chapter Four, the 1on-beam current wa,s very stablé.-:

the reqt‘nrements of doxng Ltwo sta}e excxtatxon as: wel] asmomtormg the “Qwel:t”

'consrdefing the posmbﬂlty of addxtlonal ﬁuctua.t;ons cat%ed' brpressum va.nhtlorfsm’ Y

in the gas cell Companson of the relatr%e eﬁ'icxéncy of the gas qell e:écxtatxon h j

_ between 1ndav1dual runs suggest that thls was cOnstant to better than 7% The
@ .

: ' gas cell was a.lso more efﬁment (cf §4 3) at populatmg the metastable ievel than
‘}had been antlcxpated The only srgmﬁca.nt d’iﬁ'erence betwéen the qua.ﬁty of these

i

data ahd that of the [Tx] a.nd [IR-Ca] experxments waa due'to the small systgmatxc

‘error jn the UBB normahzatlon%msed by the systematxc dechhe m pressure w1th
o 'clxsta.nce from the mi;eractxﬁn reglon Thxs correctlon of 0.6% in the Ijneasured -
) hfetxme was assumed’%’o havég an uncerta.mty equaLto the magmtude of the ’Cor’rec—

tiong itself. The, systematrc effects on the hfetrrne' are. shown in Table 6.6 and the

lifetimes obtamed frorn the a.na.lysns of mdxvrdual runs- a.nd summed data sets are -

?resented in Table 6. 7 N v : - . . )

N

Flg 6 2 gra.phxcally presents the results obtamed fromn this work as aaell

o

x\/.« .

\7 as prevxous measurements and theoretlca.l &tlmates The hfetxme of the sodlum

A >.‘.
T

g

level obtaxn A xthxs workh(4 81' + 0. 06ns) agrees w1th the prewous beam-foxI

,.' b s “ B
' “,ta.med here at the Umversxty of Alberta whrch was sxgmﬁcantly

f" r bea.m foxl results This was not surpnsmg, since ea.rly beam-

-

R R TR =
o~ " hfétunes in t 'e 4 to 10ns range to a precmon of between 1 -1. 5% Thls level of
.- L S 5y \_"‘/,"»\ - u;.' . ‘}-e‘;\ » . . .




19n /r —(pea.k counts)/ (number o? laser pulses)

? = 4.807 :!: 0.052 —correctxon of -0.47%. lncluglmg a.ll sources of error N

. ) " (see Table 6. 6 above)
.7‘—481d:006 . - —Tound off": .

T ; — X
\Ta“ble 6.7 The hfetlme of the 2p5(2P§/2)3p[5/2]]_3 level ‘of - Na+ As |,
determmed from individual- ‘Tuns and summed data sets L g' b
BRI . ~PEAK . STEPPING -
RU"I# : T(ns) xf, oo COUNTS(r_z/r)", - I(eA PATTERN
1" 4805+ 0.082 0. < 11 25%x05mm
|2, 4796+ 0.082 1. 9. :
R 3 ¢ 4.9661+0.142 , 100 20 x Imm:
<4 4.737+0.082" o1 e
5 7 4.990+ 0.085 100 . -
. 6 4777+ 8 064 0. 10 - e
-7 4.966+9.118 092 - 11 ~ e
- *4.833 :i:-O;ﬁ‘)33 1.15°  ~weighted mean ‘
| . oo o, . J‘_' R ’ .
4.802£0.058 0.77 ' ‘sumof1-2 =~ ~
4.837+ 0.039 0.77 - --sum of 3-7 ' '
*4.826+ 0.032 0 77 —welghtqd mean of sums
- N
4.830& 0. 0337 - —avera.ge of . e

- . ; s _‘,.'-

. K
@ ) L e
) . 0y . : -
. .

+ .
s

: lFlg 6.2 L:fetxmes(ns) of the N at 2p(2P3 12)3P(5/2] 7=3 level obtained from thls

wofk as well as- prewous mea.sunements and theoretical &&tlmates
Source/Llfettme" B . e
This work(beun~luer) 4.81+.06 e T . - B _
[PAMss](bem-fod/ANDC) 4.98+.15 : N e : .
{CGS70)(beam-foil) 6.1 < ' + _
[ADJST0)(beam-foil) 8. 0.4 . ’ . ———
oemn-cmpmcal lnterme;hne couplmg[CﬂO] 4, GQ + ‘ ' '

_ mtermed coupling + config. interaction{GL78) 4. 87" ¥ o
o semn-empmcnl using TFD wavefuncuons[CﬂO] 5.34 + '

e




o the measurement is the uncer b

. is a.lso fa.r better thamthe cones"_ : X?ﬁ*ng spr\ead m h
_the need for further calcuhftx s for vthese\.ipeclqs
R The main broblem p\hex;)mt it

. 6.
.of the acceletatof). Howem
: ) 2 ,

. ' 8. '
".'much smalier than at pr

EEMMCLI

3

& AW
PR
N N
.

p(ossrbie vanatxon’)p th‘ e “ eeceleratqr with cha.ngmg source ‘
o RS B

3

AR s gk bW Ee 3

T Systern%((ic' i ‘4 $hevdecay: ¢ WOuld become more xmporta.nt if
hiéhér leveis of preel ‘%ﬁdg g W s'ystema.tlc va.natxons with tlme could
: be\ sr ﬁca.ptly i?duced by alteri&f; }?gi forwards and ba.ckWa.rds sweeps a.long the
: der:ay curve as v%as done in the ’ I@@jdf '\;éu o"ﬂsaexperiment?. It would a.lso-be

.‘ ,‘ !ﬁ)
Mk‘"f % ‘#hd the ungated beam-

3¢ ay curve. The former could be used

‘ fa.tter as a. monitor for possxble
‘or‘ﬁusahgnment eﬁ'ects) R |
ye-lagat it ! ’ : nn‘ﬁﬁr%‘;ﬁ hrmted to wavelengths greatet A‘ '
_ than a.bout 350nm (1i‘order to achxeve the saturation of the tra.nsrtxon requxred to e
A » ensure %@eghgxble ya.natmn of the mcmted-state populatxon w:th ﬁuctuatxons m -‘ %

» S laaervpdwer) This severely hrmts the number of at&ﬁlc levels that a.re accessable
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o . o
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-~

usmg a sxngle-stage excxtagon proc&ss The success of the sodlum eXpenment (i.e.

o 47,.":of 1evels other than th es presented m this thesis.

k]

\\) ) o A wider vafiety of lévels can be attempted using ﬁequency-doubhng of
f*, R -the dye la.ser F‘requency—doubhng would allow measirement of at least one multi-
' \ )

/ \ plet for most of the singly- xomzed members of th@ group, wh1ch is of partxcular
A

\mterest to astrophysxcxsts However, 1t remains to be seen whether sufﬁcxent laser

3 two«atep excitation usxng 8.gas cell) opens w the possxbxhty of the measurement_
4

m\tensxty to s&turate the tra.nsrtlons can be achieved with the frequency-doubled :

~
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R B APi;nNﬂix I- [
- .‘ f QUANTUM BE'AT CALCULATION | .
| The Xurpose of th.ts appendxx is to prowde a detmled calculatxon of the
eﬁ'ectuof Zeeman quantum beats on the hfetxmes measured in the [Ca] series of

!

expenments (cf. §2 5). It is also hoped that 1t wxll lauseful in that it provxdesv

V" a sa.mple practical calculatlon of the-effect, The observatlon is done over a finite

tlon ’etnes age non-tnvxal requlgng

ions in cornpletxng the calculatlon A useful

solid a.ngle and the excitation 'a.nd obse
the application of rot'ation transforr A
introduction to the subject of quant
in Corn?y[Co'?? Chapter 15] _

“As outlmed in §2 5' “
beat components at wyz and- 2wL to be present m the decay curve (cf. eqn 2. 5 1)
One can estlmate the effect on’the fetxme obtmned from a sxng,le—exponentla.l it
.by computmg the-relatxve mtensxtlei

’ without a deta.lled knowledge of the atomic wavefunct'

Eckha.rt theorem (see below). Coherent excitation d

of the la.ser, but to the polanza,tzon cqbgw of the mcxdent radiation. A necessary‘f <o

iﬁz\ e 9,

condition for coherent excitation is't%xat the dipole operator &-D be able to cau,se, ) ‘
i v

a tranétlon to the two (or more) upper levels'from a sxngle lower level Thts 8

equivalent to sayu{g that the oﬂ'-dxagonal-elements of the excltatlon matrix (f"see

K

N

beats a.nd coherent exc1tatlon can be found '

heren excltatxon of the upper levels can causex } |

‘not refer to the coherence o

' below) must be gon-zero. In order to then observe quantum beats from the decay o

of these two states, they must decay to the same lowm- level via the. observatlon ‘

operator &

ona.l elements of the observatxon ma.tnx g must

,be non.-zer %Th.is lat ‘ dition anththe. dxpole tra.nsntxon selectxon rules allow E

.-beats to  oceur only between states separated by Am :l:l or :l:2 (s e. wl, and

M e ﬂ . -~
P
) b
. el W . .
5
J

e 41
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ALl L 'Quantum Beats — Gen’eral SRS val

3

In what folloiws the m’s.denote the states exc1ted by the 1nc1den hg t a.nd

“ the p's denote the. other (lower) levels The excitation and observatlon matnces

are glven hy N L .-" é o = ? -
' m=2(ml&Dlmu|&-Dm). -
‘ ow . t. “ N '
- _Zm'le DI#)(/‘IG" Dlm) _ J
' ’ i

. % ' -‘ .
From Corney [CoT7, Chapter 15] the mtensxty of the emltted radiation is given by

3 (_I_dS-I_z — C’ Z -?:m mIGm' mppy [exp{(r # l.’t)(to + Ato)} - exp{(r + Zl‘)to}] x
. mm/ p.u! § exp{ (r + zz)t} . .
L (C+iz)
,_U ,
¢ = 3,5?2) (;‘f)i z=(m- m)WL and F—l/r .

1

U(w) is the energy densxty of the: f‘;lc:dent beam and p is the density matrix. For

the case under consxderatlon (cf §2.5)-this can be sxmpllﬁed by usmg
A =

t, = start time of excitation pulse =0,

X 3

Aty =6 = duratlon of excxtatlon pulse T = I“‘l

<3,

and since I~ 1000wy, one obtains, ¢
ar _ Cet/7 Z F ,g’ ' mPupe % .With C= -C"[ea/" - 1]r. ;4’1 1.1
a0 mm'Ym! mPuu ’ _ 2 a
: m,m’,u,u! :
. The- (complex) polanzatlon vector, & .can be expa.nded in tﬁnﬁs‘\ouge\
. spherical unit vectors o | L : . l‘ o
. C g ) L 1 ‘ =
v "'Ei1=4:-'-ﬂk(i+ij) and é =k: é= Z( 1) qu_q
X va© . 2 L g==1

3
b
1



" for the ermtted radm.txon are 1dent1cal and

. y 7 _' ) : l b. “ ., , “. roo,e 97
| _— NS 1 - .
‘ jAll the elerne"ts of F and g are calculated from products of tetms of the
y ) ey 'Y .
" . form - : S .
: . >

.(J'm.lé'DlJ"*ﬁ) (JmlgoD —5-1D+1, 5+1D—1 | fm') =
N - )

.
-

o

(Jm!’D IJm)—E-(Jm|D+1IJm) 8+1(JmID-,1*IJn}r) .

~—~

(L_/

] stng the ngner Eckha.rt theorem (for example see §63 of Welssbluth [We78])

. one can factor out the reduced matnx element ’from each term

i1 . S -
<Jm|Dq|Jm =( 1y m(-—]m'q m)(-’”D”J) | ,‘4_1'1'2‘;,
[ v . ® ‘ » :
"For'linea.rly polarized light the components can be‘exhreééed as? ,
g 1. O T — —ain e g
(€41 = \/..(C080COS(1 :t 1sma) . m; = —sinfcosa. - “Al.1.3
. - - . : o - |
The angles § and ¢ specify the'incoming positiori of the incident beam in the ,

3 w
'coordmate system with the qua.ntxzatlon axis (z) parallel to the magnetic ﬁeld

The angle a is'the a.ngle between 3 a.nd é measured in the counter-clocwxse sense
" when lookmg a.long the direction of tra.vel of the mcxdent bea.m The exp\essmpsh
: lll be denoted‘by pnmes on all the_

qu:mtltles. | '
* .At this point it is worthwhile notihé th t one alwaye :‘bta.ins zero off-
dxagonal matnx elements for the observation matrxx if observxng along the direc-
txdh of the: magnetxc field (i.e. qua.ntxzatlon axls) Thxs occurs becﬁuse the dipsle .
_v transmon selectlon ;ules only allow oﬁ"dxagona.l tern_as of the form ‘808;:1;'7855;1' .
or 8118;-3 tegrating _these symmet;tcally_ about the qﬁahtizetion axis ( foz'.[']d_qﬁ)‘.

.givss."zero.‘ N Q/ e .w IQ v L
N O T
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. ,A1.2-_ Quantum Bea—ts —J= 1/2 Level -
' e
It is more convement when ca.lculatmg F a.nd G to wrxte them in the

form _ .
Fonmt = Z(m |&-D|pu)(m'|&-D|p).
/ S B . o

Y Gmm= Ie DI#)(mIéDII")‘
u’ _ ' '
Evﬁ@ating th.ese'express'ions using equatiors Al.1 and omitting t,hecommqn factor -

of the reduced r_nafrix element, one obtains: T

- R S o B o .
. : l- l L Teemiemee . . .
Cthil&Do| b 4) = (-niH( 2 (1) 7 ) £ = +E0/V/B.
. o ' 2 -2 o

1\ |
21) & = —&/ V.

N)lv-l
NI

(;QAIEoDoI%, } =< 1)*"*

(4, %|—5—1D+1 |§ ~%) => ( 1)% i( %l i) €1 =‘+8..1/.\/§- s
(

N
N

1
2

=
DOt 0 [t

(4, - H—€+1D—;I§ b= (- 1)*"*\ )é;i":ee+1/a\/§. »

1
1

. E & ‘ / -

Usmg the above equatlons one obtmns the atrix

Lo M8reaen —geEeen) -
| | C3\-Ea e 3 tEnéh '

B o o1 flezre g 0 |
" (using £ };5' =2 o '
\\ (usTngv 1-/1 ,:Fl). ~ 3 ( 0 %€§+5+15l1

'é - - | . . |

The G matnx is the same w1th pnm&e on all’ thea elements Thus there is no

’ possxblhty of qua.ntum ts fo the 2P1 /2 mea.surernent for lmea.rly polarized hght
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- S )

A1l . Quantum Beats — J=3/2 Level

» Using the .equations from Y§A1.'1 one obtainé RE .

3

i

== ]
DOt =t
&

I

+

H

5

T

| 3
(r»r|£0D0H *}):’(’- )it *(_21

-

& = 50/\/_
o o E | I 3
(34| —5—1D+1 | i,--%) = w(fl)g_—§ (:%l _:1 \Jﬂ) Eo1= —E_ ;:v/ﬁ

' 3 L
(33 r 8-1D+1|H=> (1@“(2 l.g

ST |SeDoH ;>:<1)¥“*(j_ l)

(%,-%l—sﬂuq|&,;>=>-(41)¥"-*(_'%_‘ el %) =—£+1/2\f

o (33 [=EnD_y [ 1,-§) = ~(-1)- (_3_ L %) =—€+1/\/'

£ogs e
515 ) EqE 0

a3
(soe,,+z_ls_1/z) —sos' +£_1z £_EL

T 443
" ‘ {8050 +£+l£ﬂ/2) ~£&s
* : 236

q )
- 7 .

The * tepresent'-thé complex conjugate of the element in the v.t:ra._nsposgd po'si:tion

(:' e Fom = Frim ). Agmn usmg &11 i-‘,—i;r and the fact that £y is reil for

hnearly polanzed hght one obtams ' 4 o .
; - -18_,- ek =£2,
A (= S&°. Wg' 0.
ST S (zgen‘w 1E2 ,( ) - c o8
9F = * .* . ., ? 6
) . 4 o . . s&&"n+€.1£‘lﬂ[ gq |
I . . 8. £



T
For the [Ca] experiment: the incident Taser radiation rriade'an angle of

' 1‘3'5:_ with respect to the (ilor-izont‘a.l) ion- direction. 'Therdjrectbi‘on‘ ef the |
‘residvuel."magnetic field and the ion beam folmed a vertical pla.ne so that the'v
rotation matrix to convert from the “lab fra.me of reference (X Y,Z)or (R 0,%)"

to the “quantlza.tlon axis fra.rne of reference (:1: y,z) or (r 0, ¢>) is equlvalent toa

2-D transforma.tlon in the Y——Z pla.ne

< : Y )={0 cosp -sinf ||y .
R LA I e VATV A

The angle, B, between Z (i.e. %ght down) and the magnetic ﬁeld dlrectlon (z)

was about 10°. . : ‘ T ‘ o : , L
The position on the unit sphere of the incident radiation was

»

. . ) ' ' “ - .
L =(<1/v2,1/v2,0)xyz = (-1/2,0.6964, —0.1228),,, or

~ ° . $=1354° and 6'=97.05".

The angle a can be determined from sin§ = (6 x é) - £, White -
] . . . .

0 = cos#’cos ¢x + cos fsin ¢y — sin9z.

»

The dye laser beam has a unit polarization vector & = (O,VO,—i)X).zzv or é =
(0,-0.1736, ~0.9848),J giving a = 7.107°.
* Using equations A1l.1 this gives the foliowing numbers for the expresgions
in F:

- &
2

£ = —sinfcosa = —0.9848, 5_15', = = 0.01506,

E= f(c030cosa - 1s1na)e = —6.097 x ll)"‘5 +10.1228 and | R



101
£2)=001508-i1497x10..
The G matrix has the same form as F xf observatxons are made through N

a linear pola.nzer The matrix for observatxon thhout any poiarizer can be found .

by a.ddmg the correspondmg matnx at o + 7r/2

o g ?j-‘g(a')'+ g(a_' + 1r/2). | . =
~ } o
Slnce the F and G matnces are mdependent of each other, the pnu?s for the o

observatlon quantltles will be drop d from this point on. Whether one is’
dea.hng w1th the excxtatlon or obser»v{t

atime

contegct in which they are used The terms requn'ed to eva.luate G then becorne

ion pa.rameters will be understood by the '

-

8.18:1(a)' + g_,'ezl(a +7/2) = 5(1 + cos? é),

e

snn20 o o
2f ’ L

£0E21(a) + EoE2y(a+ 7/2) = -

EX(a) + Ea +7r/2) = sin? 0

!H—CO! 8) _sin26 e —coe? —2|¢
- 8 87’3 873 0
' ] . (843 cos ! - -cco —2t¢
< g . T . .
- R . (5+3cos38 m‘; -ié 1°
0o - . e (liog-_’l

The densxty matnx for the initial stat.e is eqmvalent to multlplymg by a

*

L 4
~/

_ constant: ¢ . o o - : o
| __%0_'-1_1.0‘-
.}P;m-‘ 0.%‘ ~“a\0 1)
Since we are only. interested in the relatxve slzes of the three components of the

signal, the observed 1nten31ty can be wntten in the form

I(t)=§Cet(p(—t/T) | (J =§|| D"J=§) |2 .{Ié'm?o.g.?Am:‘lq;(A?s?}‘.‘4.. e
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In order to integrate 4 2?5 over the detector solid angle (15° = 26rad), one
: must make use of the rotation matrix qgmn to obta.m the follownng relatxonshxps

"between the angles in the two coordinate systems:

I , cosO=<—'sinﬂsinesin-<1>'_-}-cosﬂ.cos@,
sm9cos ¢ = sin © cos ®

', smGsmq&—-cosﬂsmesm‘1>+smﬂcos@ | . ‘ A

In the following calculations implicit use will be made of the fact that integrating

an odd function of ® over 2r equals zero.’

\ |

- The next. sectlons perform the sum over m,m' fadicated in eqn. Al.1.1.

. The calculatlon can be sxmphﬁed by using the fact that each of the te m Al.1.1
T is equal to the complex conJug,ate of the element W1th m a.nd m' 1nterd1a.nged (e g.

f_m.m' = mf.m) and thxmatrlces are symmetnc»abouf. their anti-diagonal. For

example, . . . o
| Tam=1 = 27346y 3¢+ Fp g0y 4e7 M
= 4Re[f;l%g%'ge‘w"‘].
A13.1 The Ipam—g .C,‘omp'onent '
From the results of the previous sections:
. (
0.26 ‘
Iam=o = / / (0.6882 + 0.04167 cos 29)sin Gd@dq) . \
$=0 « o
22 w - 3
/ cos? 8dP = / ’ {sin2 Bsin? O sin® & + cos? B cos? 6} dd®
0 0
C = w{smzﬂsin29+2cmzﬁ}.
O 026 | :
Ipm=o = (1.3764 +.0.04167(2 cos? f-+ sin? B sin? ©) sin OO = (0.0497).
: . =0 o, i ‘ e

P

(G
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"A1.3.2 " The Iam=1 Component
26 p2r S T
| IAm_l =35 \/— /0 /(b =0 Re {e‘.""L‘SoE-'l sipecos Ge"’} sin 9d6d§.
[sin @ cos 0e'¢] = (sul 4 cos ¢ + i sinfsin ¢) cosf=

L= (sm(-)cos<I> +zcosﬂsm€)smd> +zsm,8cos(-9)(—smﬂsm@sm@ +cosBcos(-3) '

- AV

[]d<I> = {zsmﬂcosﬂsm 6+ 151112,3_&2.9}

. . 2ﬂ
’ : = 7rzsxn2,3{1/2sm © + cos? 0} = migin (1 + cos? 9)
L - | o T .
. in 2 ‘ 0.26
oo = “;‘\’}E_ﬂ Re-{e-'wgos_,z /e (o 9)sxn6d9}

| = 7(3.282 x 10~ coswyt) (0. 66%—af_ I). °
: Conmdenng the small change (1.8%) in this cosine term over the length of the )

L 3
—

deca)f curve, thxs corresponds to a.0.004% decrea.se in the observed hfetxme o

AL33  The Ion_ Component - &

= : ' N PYan
Iam=2 = lRe e~ wLtg? ‘/0 (cos 0 1)e'2¢ smededé}
K , e=0 Jo=0 . »

2x . - ‘
/ —sin? 0(co$2 ¢ sin ¢\{- 2: cos ¢ sxn¢)d<b =
0 )

4 d

/[—51n29cos <I>+(<:os/5sxn98m<l’+mnﬂcoase)2
-—2:sm6cos<l’(cosﬂsmesm<l’+sxnﬂcos€)]d@— _ o
— —w[—sxn O + cos? ﬂsm %{-hm ﬂcos 6] . o ’.l'. B

| v—7rsm ﬂ[-—sm29+200829] o ' a °

FIEE
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_ » . 2. SRR 0.26 _ o . ‘v
Inm=2 = ‘Ks‘l;; ﬂRe {e"z“”"ﬁ'f / [3 cos? 6—1]51n@d@} R

=‘—7r(1.2'><10'6 cos2th) (0.002% of Io)

Thls is clearly negligible compa.red to the I contnbutlon so that the overall effect

tum beat isald. 004% decrease in the observed lifetime.

Y
_\.,‘ .

o
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APPENDIX T
LENS ALIGNMENT PROCEDURE

- The followxng was the procedure used to align. the interior and exterror :

lens systems. The a.hgnment between the 1ntenor and exterior systeme along the

.  direction of travel (i.e. the ion bea.m d1rect10n) can be adjusted by decoupling the

' ’externa.l drive screw ¢onnecting rod and movmg the 1ntenor assernbly with respect.

to the now statlona.ry extenor assembly Note. that the decouphng of the external

‘machined and set up-to be as closely aligned as possrble

assembly is done by loosening the pa.n( of connectmg—rod set s‘trews nearest the
steppmg motor, not the sohtary set screw which i isona ﬂat on the connectxng rod

-The ahgnment of the system in the horizontal plane transverse to the

1on-beam path ca.nnot be easxly adjusted. There should be no need as 1t was

' .f'/Phe followmg procedure was used to perform the initia.l ihteridr¥exteri0r

’

-&

-

alignment and to check the tra.nsverse alignment (see Fig. A2 1) When the target A

chamber hd 1s remaved for alignment of the optics, the ion beam path can be
deﬁned w1th the aid of two aluminum blocks whxch bolt onto the hd These have
lmm dla.meter holes dnlled to correspond to the pcﬁitlon of the ion ‘beam
B Remove lenses, filter a.nd PMT

2) Decouple external dnve screw from the dnve shaft.
; 3) Deﬁne ion-beam pa.th usmg a HeNe la.ser and- ahgnment blocks. -

4) Use small flat mirrors to deﬁne right a.ngle to beam pa.th (as shown in

Fig A2 1), sendmg bea.rn back to source. Remove upper flat mirror |
- 5) Set up centered cross-hairs on inner lehs holder and outer ca_.rt _l:ens' a_.per;
'.t'ure.v _ LA [ . | .
6): Posxtxon upper assembly (takmg up dnve screw backlasl;)__so spot 1s

centered on the cross-hmrs
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 Fig. A2.1 Schematic for alignment of the interior and exterior optical sy‘s.tems.'



H

7) Posxtxon lower assembly (agam taking up, the ba.cklash) S0 that ifs cross-

hairs a.re also centered on the laser spot.

8) Carefully, i.e. without turning the drive screw, recouplethe upper drive -

by tightening the two set screws..
If the spherical mirror is to be used its alignment can now be adjusted

by replaclng the lower flat mirror with a thin half-sxlvered mirror. Wlth the spot

lined up on the cross-hmrs, adjust the mirror’s three 5/écrews until the reﬁected |
. . .

laser spot is centered on the hole in the a.hgnment b | \
-The observed transverse alignment was tested at vanous posxtlons along
‘the ra.nge of travel of the detection system. There was no obsevable mxsa.hgnment
to better than 0. 5mm )However, due to the possibility of ‘error in the place-
ment of the cross- hmrs as well as the error in the posxtlon of the a.llgnment holes

(both about 0. 5mm), one obtains a total possible uncertamty in the measured
ahgmnent of about +1mm. v

—
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.. APPENDIX I B

o ZERO-FIELD GUANTUM BEATS S
}‘ Qtlnntum bea.t_s can e.ﬁ'ect a decay curve even in the absence of an exter-
" nal magnetic ﬁeld. This can occur if the ‘homogeneously, broadened linewidth of
the excrtlng radlatlon is greater than the hyperﬁne sphttmg between levels. Of the
ionic species studxed in this the81s only the sodium atom (23N a*) has hyperﬁne
structure and can exlublt zero—ﬁeld qua.ntum beats As will be seen in what follows,
the hyperfine structure in sodium is much’ larger than the Zeema.n sphttmg due
to the’ ea.rth’s mggnetlc field so that this external rnagnetlc ﬁeld can be neglected
in the a.na.lysrs. The hyperfine, structure of the sodium level studied in this work
* has not been measured. An order of magnitude estimate of the hyperfine sphttmg
can be obtained by scalmg the values for the correspondmg (1so—electromc) neutral

" neon level

Table. A 3. 1h Hyperfine structur® of 2p levels of 21N € (from [Gi75)).
LEVEL .
- K a b
" Paschen coupling (MH?) -~ (MHz)
2py 332 -309.5+ 11 +49.1 £ 0.6
2ps | 3p'[g]1 —437.0+2.2 +418+0.6
2ps 3p[32 —-185.7+0.8 ~688+0.6
2pr 3p [3]1 -421.9+1.0 = -49.1+06
2ps 3p ]2 -232.2+ 1.1 —90.0 £ 0.6
2pg 3p (313 o o7t

Although the hyperfine structure parameter, a(J ), for the 2pg, J = 3

. level has not been measured t va.lues shown in Table A3.1 mdrcate that a value
of about 100M Hz or greater 1s to be expected. Scaling tlns value along the iso- |
electromc sequence to Nat aa(;u/I )Zi2? (e.g. see [VV083], Chapter 9), where

~_ “108
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interval rule:

\ : o
\ o
-

Z = 1 for neutra.l ete.. aud Zi=27Z-4 for.‘ p—electrons The nuclear spms a.rei
the same (I = 2) for both AN ‘and 23N a and -their magnetxc moments are’
-0.662 and L 746 nuclear magnetons respectxvely Therefore for the 2p, levels, |

a(Nat) ~ 10a(Ne) ~ 1GHz. The effects (i.e. the b va.lues) of the quadrupole'

109

mornent of the nucleus ‘are small enough that they ¢an be neglécted in an order : '

of ma.gmtude calculatlon and so the hyperfine sphttxng between levels follows the

AE(F) — AE(F — 1) = oF.

b

Fig. A3.1 shows the hyperfine structure of the 2pg.level in Na? for the cases »'yhere

o
4

a="1GHz and a = 0.2GHz. e “ {

where a = 1GHz and a= 0.2GHz.

- F a=1.0GHz =0.2GHz
_9/2 : o .
' 4.5GHz 0.9GI1sz
T2 . _
- : 3.5GHz: 0.7GH:
- 5/2 ' e ‘ s 4 :
2.5GH:z 0.5GH:z - ' Co»

3

The time resolutlon along the jon beam needed to -observe quantum
bedts 1f a= IGH z.is about 0.2ns whlch is about 1/3 the time resolution of the
[Na] expennient (v ~ 1. 5mm/ns) The three-hfetxme-long decay curve (~ 15ns)

a.ve?ages out the beats over at least 30 penods mgmﬁca.ntly reducmg a.ny posslble

systematxc effect on the lifetime. Also since the mtetactxon regxon is greater tha.n

2. 5ns long, the amphtude of a any qua.ntum beats will be further reduced Thus,

Fxg. A3.1 Hyperﬁne structure of the 2pg leVel in Na* for 'tg:ases '
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since the depth of the modulatlon is not expected to be la.rger than about 5%
(see below) quantum beats a.re not exﬁéd to have any measurable effect on the _

l B

observed lifetime. . - .. ' ' B
» Ih order to provide an upper bound on the uncertainty in the measured

i : AV
lifetime caused by the presence of these zero-field quantum beats, a very conserva-

tive,ve.lue ofa = O.2GH z was ueed in a detailed calculation of the expeeted_de" v
curve, o \ 3 ' /A .

Assummg a neghglble externa.l rnagnetlc field, the 1ntensxty of the decay
curve is given by (see [DS’78] pp. 656- 58) : : ~

.~ LT RO S
'I(t,zo);--clu IDIG ExIG D IpE SR
EEDNC 1)Fe-F=+4E'= ¢ A*(Fc,‘ﬁ)BF(F;,Fe)

—-q° ¢ ) . ‘ ‘
kg M

[N

FGIFC
P exp [—zw(Fe,F') I"](t—to) . (A31)
whe@Ru(F., F)) = (E(F) - E(F)I/A, _and

@

2 .

A"(F,,F’)—( 1)3+2J,- ”‘F°x[(2F +1)(2F'+1)(2J +1)(2J +1)]1/2

Jo. J. K\ JJ. J. &k -
"‘{,F’. F I}{l ,1°1Jg}- (A3°2)

"‘i ’ A ’

The B" are the same as the A¥ with Jg replaced by Jyse -excxted state g __ground'
sta.te and f _ﬁna.l state (final i rs the same as ground in our case) “The EandU

are the sphenca.l tensors correspondxng to the 1nc1dent and observed radxat1on

- ﬂ q
-

The e and U are the ugyt polarlzatlon vectors for the incident and emltted radxa-_

\/2k +1 Z ( k) ' With €g =€, €41 = :F(e,,. :!; zey)/\/§

txon




The propertxes of the 6-; symbols[RMBWSQ] are such that a non-zero

B S U

result is only obtgned for | F |< k Also the sum over F qnd F' ca.n be o

expressed as twice the real part of thé sum over F > F since for each (Fc, F] ) in

eqn. A3.1 one obtains the complex conJUgate for ( )

- For the sodmm expenment both the Jpcxdent and ermtted radiation can

be treated as unpolanzed lrght that i is, as the 1ntensxty of the emltted hght can be .

ca.lculated by sumrmng the results for two lmea.rly polarized input beams with their

o pola.nzatxon vectors at, ninety degrees gnd two hnearly polarized ermtted bea.ms

. with polarxzat:on vectors at mnety degrees In the case of hnea.rly pola.nzed hght

the only non- -Z€ro contnbutlon to eqn A3 I comes. £rorn -

-

v

- : | EgUS = (2k +1) (5 (1)’5) Pk(cose),_~.‘ C o (A3.3)

:-'

where 6 is the angle bety e a.nd Q. Smce the\3>j symbol in eqn A3 3 is zero -

for k = 1, only k =O§.n 2 need be cons1dered : : . -
- Py(cosf) =1 _and . Py(cosf) = 5(3cos 6-1).

For the pa.rtxcular case under consrderatnon J, = J 1= 2 and J., =

3. Absorbxng all- the consta.nt terms into/a ' smgle constant C one can wnte the

intensity as
: »

v » 2 .
- I(t to) CxRe[ Z (- 1)""--“"(2k+1)( (1) ’5) Py(cos6).
-

e

xexp[—-tw(F,,F') I‘](t—t,,)] : a (A34) ')

. d ’ ; Vo,
) . " ‘s . L N -

A
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It i 1s convement to\:eparate the sum into terms with k = 0 and: k= 2 Denotmg

these two terms by Iy a.nd I, onie obtains: o 8 '

WD
———
RSy
——
- W
- Q)
(Wi )
—

0

- Io Z( 1/\/_)2[2F +1]2{F 3

o

3 8 sy e o Y
O Be /e e
/3 (o4 {1/56} {1/21}+
£(1/3) (100 {1/70} {121} -
sye B
..

Ir=(3cos?6 — 1) x 107%[1.2 ; 2.4 cosws 334~ 2:6coswyst — 2c08 w'% gt‘ :

-

A v, - +0 19 coswy t\+025cosw7 t].
| T 3

Sca.hng the 1nten51ty so that the pnnc1pal component is 100 one obtams

for the mtensxty deca.y curve

:OI {100+(3cos 0 1)[1.8—-’3.7c03w%;t —.‘4.1c05w§%t3— 3.2cosw%gt

4 T '.\ +03 COStd.Q 5t -f-Y 04 COSLD;I%t].}e—t/r

£

Summlng the (3 c0820 - 1) term over all four ’olanzatlon combmatlons (z e -
6= 0, 90 90 a.nd 90 degrees) ylelds a fa.ctor of - -1/4. Fxttmg thxs functlon (with
T = 4.800ns, a = 0 2GH z a.nd assummg no statxstlca.l ﬂuctuatlons in the data)
to a smgle exponentlal ylelds a llfetlme of 4. 7992ns a less than 0. 02% devxatxon
The actual devmtlon will be less than thls since in practxce the bea.ts are. also av-
eraged out over the ‘slit width and the mt;ractxon region and masked by statlstxcalv

ﬁuctuatlons Thus the expected contnbutlon of zero-ﬁeld qua.ntum beats to the -

uncerta.lnty in the sodxum lifetime must be less than 0 02%.
» . i

-



