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The results of the work performed under the partial sponsorship of
the aranis are deseribed in the 29 publications tabulated in the appended
list. Also a brief survey of this work prepared by the principal investi-
gator, “rf-Spectroscery of Stured Ions” reprinted from Atomic Physics,
Plenum Press 1969, is attacnsd. Further, a 6étai1&d~re§ieﬁfarticle

"Radiefrequency-Spectiosceny of Stored Iansh, Advances in Atomic Physics 3,

53 (1967) and 5, 109 11559) is available, of which the table of contents is

appended.

It is a pleasure to note the group of younger men who have participated
in the work of the contract; these include poStdoctoral men brought in from
other institutions, men who had-been swarded the Ph.D. degree at the
University of Washington and remainad to follow promising lires of research
and to capitalize on an investment §§ éﬁuipmeai and on their immediate
facility with the bsdg‘cf jdeas with which the work of the grants is concerned,
and these having earned doctorates.

The 1ict of publications reccrds the support by the subject grants of
work of the Toilowing nostdoctoral men who had earned the Ph.D. degree at
instilutions otser than the Universit§ of Washington:

E.N. Fortson (Ph.D. Harvard, 1962}
now Associate Professor of Physics, University of Hashington

H.R._Felgman (Fh.b. Columbia, 1963)
Aud with ﬁSb; 2d Physics Laboratory, University of Washington

C.B. Richardsen (Ph.D. U. of Pittsburgh. 1962)
aos Assistant Professor of Physics, University cf Arkansas

H.A. Schuessler {Ph.D. Heidelberg, 1954}
now Associate Professor of Physics, iexas A&H University

G.H. Mcmail {Ph.D. Princaton, 1967}
“now wivh A. E.

Talbert Stein (Ph.D. Brandeis, 1577
now Assistant Professor, %ayre Stat: University




. Wineland {Ph.D. Harvard, 1970) )
now Postdoctoral Assaczate, University of Washington

R. Van Dyck (Ph.D. Berkeley, 1970}
now: Postductoral Associate, University of Washnington

The foliowing have earned doctora! degrses and when starred have

contlnueé for varying pevriods as postdoctoral assac1at£s at the University

3z

of Hashington: )

E.S. Ensberag, thesis (1262): axperﬁreqtal Upper Ltmtt for tha Permanent
Electric Dipole Moment of Rb®% by ﬂpt:ca? Sumping Techriques

now with Physics Section, Bell Telephone Laboratories

F-G..Magér*, thesis (1962): The Orientation of Electredynamically Confined
He* Ions
now with NASA

%.B. Jefferts*, thesis {195Z): Alignment of Trapped Hﬁ #olecular Isns By
" Selective Pholadissuciation

nov: with Physics Section, Bell Talephone Labsratsries

D.A. Church, thesis (1962): Storage and Radiative Cooling of Light Ion

Gases in Radiofreguency Quadrupcle Traps

now Postdocicral Associate, Berkeley

P.A. Ekstrom*, thesis {1371): Search vor a Differential Stark Shift of
the Cs~ and Rb- Magnetic Resonance Fraquencies Employing Atomic Lignt
¥odulation Uscillators

now Postdoctoral Associate, University of Hashington

S.C. Memasian*, thesis (1973): Pigh Resoiution Study of the (FF }={3/2 172}
+ (172 i/2) hfs Transitior, in Stored Hj hsiv'a*ar Ions
now Postdocteral Associate, University of = washington

F.L. Halls, thesis {1970): Determinatiorn of the Ancmalous Magnetic Moment
of the Free Electron from Measurements on an Electron Gas at 209K Using
2 Bolometric Technique

now Postdoctoral Associate, JILA
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1 Spin Rnssﬂance of Free Electrons Polarized by Exchange
Collisions, H. G. Dehmelt, Phys. Rev. 109, 381 (1958); Bulletin
APS 3, 369 {;9515 (7Y (irvited papnr')'_'

2 Preservation of’ Spin State in Free Atom-Inert Surface
Collisions, ROBIHSON; HSBERG, and DEHHELT, Bulietin APS 3, 9
(1953) (A) ”

3 Optical Transmission Honitoriag of Free Atom Resonance,
‘H. G. Dehmelt, Proceedings Duke Radio and Microwave Spectroscopy
~Conference, November 4-6, 1957.

4 . -Realization and Measurement of Long Fres Atom Spin State
Life Times, H. G. Dehmelt, Proceeding USASEL Frequency Centrol
Symposium, Hay 6-8, 1958.

5 Spin Resonance of Free Electmns, H. &. Dehmeit,
?roceedrngs CNRS- Symposium, Paris, July 8-9, 1958; Journal ‘de
Phyiique et %e Radium 19 866 (3958)

6 ) .:sp}a Exchange Resonance of Free Electrors, §'§ 6. Dehmelt,
- abstract of an {invited paper given at the Ann Avbor Conference on -
Optical Pumping, June 15, 1959.

7 7 ‘Polarization of Atomic Hydrogen at Low Pressares; F.G.
Major, unpublished

8 ﬁhgr‘fent of the H, Holecular ion by Selective ?hets——
dissociation 1, H. 6. ﬁehn%}t ard K. B. Jefferts, Phys. Rev. 125;
1318 ‘ i

9 -Orientation of (}ﬂ ) lons by Exchange Collisions with
Cesium Atoms, H. G. Dehmelt and F. 6. Major, Phys. Pev. i.ai:ters 8.
213 { 362}

19 Experimental Demcnstration of Alignment of i{; %ﬁieczﬂar
- ions by Selective Photodisseciation, X._B. Jefferis and H. G.
Dehmelt, Bulletin APS 7, 432 {1962)

3¢

11 The Orientation of Electrodynsmically Cont ;;mé {He")
Ions, F. &. Major and H. G. Dehmelt, Bulletin A.f P.S. 7 7, 432 f-aé?}
12 HFS of (i-e.g‘i amund State by an Ion-Storage Exchange-

{ol1lision Technique, E. H. Fortson, F. G. Major, and H. 6. Deshmelt,
Bulletin A.P.S. 9, 626 {1953}

13 Ultrahigh Resolution (Ha“} HFS Spectra 3y an *{fﬂ*Staraga
Coilision fechnique, £. N. Fortson, F. G. #ajor, and H. G. ﬁ:;ﬂ,_;t,
Piys. Rev. Letters 16, 227 {1966)




Experimental Upper Limit for the Permanent Elecfnc .
Dipole Moment of Rb®% by Optical-Pumping Techniques, E. S. x:nsbﬁrg
_ Phys. Rev. 153, 36 (1967)

Radiofrequency Snectmscesy -of Stored Ions I: Sferage,
H. 6. Dehmslt, Academic Press Inc, Peﬁ York, 1967, Adv. in
Atomic and rolecular Physics, Vol. 3

Alignment of the H, Molecular Ion by Selective Photo-
dissociation, 1I. Exgnn nte -on the Radio-Fregquency Spectrum*;
C. B. chhardsc,n, +K. B. Jafferts; tand H. 6. Dehmeit, Phys. Rev.
165, 30 (1968) )
ﬁagnetw Resonance Spectrus of the 393 Ion by an Ultra=
high-Resoiution Ion—Tmpnms Exchange-Collision Technique.*,
‘Hans_-A. Schuessler, Stephen-C.. %ﬁeﬁas*an, and- Horvel .-er‘sen,
Bulletin A.P.S. 13, 67 agﬁsf”"’ T

) Exchange-Co‘hsmn Tech. ique fo. the rf Spectroscopy ¢
tored Ions*i, r. G. Majorf and’ ﬂ. 8. Dehme'{t Phys. Rev. ‘i?

{1968}

rf-Spnctmscopy of Stereé Jens, Ho 6. Dehmeit, (mx; oé'
paper), Intermational Conference on Atomic Physics, ‘vhctor ®.
Cohen, Gisbert zu Putlitz, Haw Ysrk Univevsity, June 3-7; 1968

Collisional Orientation of the Molecular ! Ian and
Observation of Transitions Betiween the 7Zeeman Levefs of the
Rotational Ground State*, H. 5. Schuessler and"H. G. Dehmelf,
International Conference on Atomic Physics, Gisbert zu Putiitz,
Victor H. Cohen, Mew York University, June 3-7, 1968

“Bolemetric” Technmhe for the rf Spectroscopy of Stored
Tons*, H. 6. Dehmelt and F. L. Halls, Phys. Rev. 21, 127 {1968}

Physics of ihe One-and-Tws-Elactron Atoms, HFS Spectrem
of %a by the Ion Storage Collision Technique, H. G. Dehmelt,
{(invited paper) Sommerfeld Centennial Memorial Meeting, Munich,
8-14 September 1968

Zeeman Splitting of Stored Volecular r{, and Atomic 3
Ions*, Hans A. Schuessier, Butletin A.P.S. 13, 1674 (1968}

) Radiofrequency Spectroscspy of Stored Ions 1I: Spectroscopy.
H. G. Dehmelt, Academic Prass Inc., New VYork, 1969, Adv. in Afomic
and Molecular Physics, Voi. &

Storage Rinc Ion Trap Derived from the Linsar Guadruncie
-?r&ﬂﬁe':cv Hass Filier, D. A. Church, J. Appl. Phys. 40,
y {??59)

Radvative Cooling of an Electrodynamically Contained
Proton Gas, B. A, Church and H. 6. Dehzelt, J. Appl. Physicss 40,
3421 {1969)




27 Hyperfine Structure of the Ground State of *He' by
the Ion-Storage Exchange-Collision Technigue. H. A. Schuessier,

E. H. Fertson, and H. &. Dehmelt, Phys. Rav. 187, Ro. 1 ({1569)

28 Differential Linear Stark Shift in Rb®S and Cs?33,
F. A. Ekstrom, Bulletin A.P.S. 16, 849 (1971}

29 K}ﬂ*‘ gﬁse}u*ze? Study of the {1, 1/2, 1/2) - {1, 1/2, 3/2)
hfs Transition in Hz, S. C. Menasian and H. 6. Dehmelt, Bulletin
A.P.5. 18, 408

Extension of our technigues by F. 5. Major, formerly associated with

the grants, and a German coworker, has resulted in the highest resgiution

for any atomic line ever achieved, namely 10 Hz out of 4 x 10%° Hz for the

133407 hfs; [F. 6. Major and G. Werth, Phys. Rev. Letters 30, 1155 {1973)].

Simultaneously, a resolution of 6 x 10% Hz out of 10'%Hz has been reported
for the 2CH, molecule by laser saturated absorptive spectroscopy [ S. L.
Hall &nd C. garﬁe, Phys. Rev. Leiters 30, 1107 (1973}].
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TABLE !

Dimensions, OPERATING PARAMETERS, ORSERVED AND
. PERIVED JOoN DATA FOR ILLUSTRATIVE TRAP

Av.ial dimension:
Radial dirension:
Effective t1ap voleme:
de biac:

ac drive amplitude:
Freavancy:

Vacuum:
Background:

Electron curreut:
tlectron acceleration

voltage:

Electron puise duration:

2= 2.5¢cm
fo=35¢cm

V.= 128 em?

Uy =7 volt

Vo =175 volts
Q=27x1MHz
p=3x10-%Torr
Mostly F~*
i,=1mA

U, = 400 volts
~ 0.1 2cc

H G, DEHMELT

Ionic species: [He*+
Axial oscillation frzquency: i, =20 X 1O kH:z
Mazximum veloc ty -
in trap center: 240; = 1.73 X 10%my/sec
Axial depth: D= €20l
Racial depia: D, 8.2 volts
Maximum instantancous
1ergy: : W= 124ceV
Maximutm exnerimental
stoged chasge: g~ 107%
Max ¢5r; charge: Qe = 3 x 10%
Ton v  iime:; T=§sec
{mazimuin . ined): T =350 sec
Self-collision parameser: *=: 1.5 sec
He*-He charge exchange: T, 2 0.3 s2c

did scrve as an .ndi.ator for the magnesic resonance disorientatios

of the electrons. Ir the He” experiments the orientation mrnitoring
phase focussed upon the He™ targets and not the Czi projectiles.

By employing the nearly resonant Jhiarpe-ex-hange reaction leading
to excited He states,

Cst + ﬂe 1 —'f—'sf—t—-? C' + iﬁe (singiet),

s *
et + Hett 2% 5 oot 4 ge®  (eripler),

it wrs ;:c‘..sible to t.oanslate the magne:.;c resonance disorientation

of t e .nit ally orieni:d Hc'! ions to He'l into 5 reduction of their
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Cs+He* ~>Cs  +He® ;¥ {He*) w2 x 10 em/ssec

Cs

CONMON  HONIZAT
LT O

AEy 22025V
L} AE 24+0.1ev

\/w iim »e !Rm}
> .
/ Vd p

V4 7/ 7
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7/ /7 ji" 7
},{mv /Jva /{m; S32ev ,‘g.wv/mw
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// // /’ ;’ -
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o bhai0%em
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i i S 1 i i i
4 T o H 1 4 2
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%ﬂm-o./z; cm;xq,.aé

Fig. 4. Theoretical curves of Rapp cad Francis (196:) for charge-
exchange cross section Q or ¢ as a fuacticn of the velocity in near-
resonant collisions involving Cs, with tte energy delfect &E, as che
single essential parimeter, ard energy levels isportant in the Cs +

Het reaction.
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Fig. 5. Block diagram of appa:egss for observation cf orien-
tation and magnetic resounance of ~10/ stored He™ jons. Larze Helm-
holtz coils provided the constant mag-etic field H, , horizental
and in the plene of the drawing.
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Fig. 6. {(a) an-field region of Breit-Rabi diagram for the hfs
energy ievels of (He3)' as & functiom of cagnetic field H. (b)Digital-
snalyzer display of the rf saturated AF=0 spectrum ol (He3)+ obtained
with -he Cs optically pumped into the mg = -1/2 state resulting in
a8 depolarization signal §' greater for the iower frequency (1, -1)-
{1,0) transition than the (1,8)-(1,%+1) transition. The relatively
narrow line in the middle is the double guantum tramsition (1,-1}-
{1,+1). The magnetic field had the value H=7.23 G for whica the
spectrun was ceatered about 10 iz and the Paschen-Back-Coudsmit
shift amounted to & = 11.5 kHz. The frequency increases from left to
right, snd the quantity plotted is simply n{0.8 .ec), the number of
stored icns remaining zfter the interaxztion interival. averaged cver
80 tyaversals of the spectrum with the' zero strongly o.,.== .«d.
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number, which in turn could be conveniently measured. The magnetic
resonance of the rotationsl groundstate of Hy™ has also been obsarved
with the same apparatus in an analogous experiment (Szhuassler and
Tiehnelt, 1968). The appearance of a nev reaction product, namely,
c=t, might have provided an even more effective indicator of the He®
resonance. Iz fact,; in a third experi-ent ot H2+ ions (Dehmelt and
Jefferts, 1962; Jefizrts, 1962; Richardson et al., 1968), using
Iinearly poisrized rhotons as projectiles in the dissociation re-
action

(n :)+(H; Vout v ms x.z..@v:},@;b) -#H +H + K.E.,

the appearance of H™ was used to monitor the msgnetic resonance of
§2+ . This again is possibl.: because the photo-éissociat.or rate
depends on the angle between electric light ».:otur ¢ and the inter-
o .clear axi. 2 . As illustrasted by the three experiments just des-
cribed, cur studies seem to indicate thor z wide variety of target-
projectile combinations of interest may b imagined. The state
selection of the projectiles necessory may be purely by energy eigen-
state, as lew zs that found in an unpolarized monoenevgetic parallel
bean of electrons (zligamen: by electron impact), or as high as that
in = »eam of circular polarized optical resonance radiation (op-
tical pumping), or in a beam of polarized zlkali atons {polarization
by spin exchange}.

n Fig. 7. Coupling scheme of the angular momentu~ ¥:ctors in che
Hy™ ion.
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- l—.—-‘-—é—*‘—-b-c.\/ \"‘--}-.

. 87647 Hz < U6 2

Fi>. 8. Unresolved magnetic ressuenc. sigail of vie KFyr}-states
{1.3/2 5/2), (2 1/7 3/2), {2 142 5/2y, 211 havioy gr ~ 273, of the
Hyt ion in 3 fiels ¥, ~ 115:6 . A poinZ-by-point Jijsit:l analyzer
display obtained by Richarduon in 11 hours is showm.

&
v

;’}*
[
3

4

i i
! ]
i
H
H

\

H
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Fig. 9. Digital analjzer display of the {0,0}-{1,0) his trem-
sition for (4e3)” obroined by Schuessler by means of 3 scheme em-
ploying sequuntial transicien pulses at Zeeman-
Recording time was 8 hours.

and his-frequencies.
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The jorn-storage coilision technique cutlined has niw been ap-
plied successfully to 2 g*eflse determinaticn of the his sgeparat.on
of the hydrogen-like (J£e3)* fou in the 8.GHz region (To ortson et sl.,

Fig.8 1966} and to the first study =f thz Zeemaﬂ =ffsct in Hp" yielding 3

EN

= vzlue for the sg‘n—*ozea*s 13 coupling coascant {(Richa SiSvﬁ et al., - -
2 1963). The (Be’)* his sep.rztion has been remeasur.?® with improved
% Fig_g rrecision by a modified technicue (3chucsslar oL =1., [588),
5=
= . g -5 N
E Yery recunzly K. B. Jefferts 11388}, now st Bell 1zlepnoche
= Laboratories, ha. observed the first 2cro-Zleld cransition in Hy*
g F1g.10 in the 70 Mz vegion with high precisfon. A very simple embodiment
E of the ISC technique rnot relying o polarized beams hau bren realized
3 ig.11 1ia rhe "bolowetric" detection scheme developed by Wails (1.68). By
% this means he has cobservzd cyclotron vesonance in a stored alectren
£ Fic.12 gas sample at rocm temperature by the sccompanying temperature in-
H crvease. Radiative coolinz of a gas of stered protons sad tampar-
z ature measure=ments on it have now siso been demenstrated by Church
£ A (126%). Chuvchk (1985, 1328) has eperated circular znd tace-track
H F19.13 shajed treps for W' and He' ions. Tuggett amd Menasian (19563)
F; ing such a vace-track it-ap have gbserveé wiscous damping of the
EH secvliar motivn of Hgt- ions by 1072 Torr of He-buffer gas leading
z to their thermalizatior . Finally, in pre, aration of an optical
z pumping experizent on Hg', Menasian (1968) has observed ontical
g
= T SEAG =
é ORI
2 —

3
z ——
2 RECTRON 3 I ;.n _
i — L f::
i - A - % s
E g i B A
£ T ' H
g \;‘S H L

e ————— =
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: / ﬁ = =
E /
= / o
B ; . — JENN 2. ;
5 i f H
5 j e
% H J J/'*—r—; .
EEE mg ey
= a5ax
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cany -
fETrecn -
Fig. 10. Apparatus exploying ion councing by electren multiplier :
used by Jefferts (1968) i: experimentsl obssrvation of AF = 1l t.asn- ;

sitions in Para-H,t in the 70 Niz-region.
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: Fig. 1z, ( of the clectrsn gas as the
5 exciting fregue cyciotron re-oaance. The
temperature sca T =ately 509K, ‘The siight slope
of the base line i{s du irem the initially injected sadple
of ¥ 10? electromdurin, the duratisn of Che sweep uvhich was au,.rox-
icately $ minutes. {b) The cyclozrem lime with (1) snd without {2} - i
paremetric post-mmuitinlication of the electron cas teaperature.
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Fig. 13. Race crack shaped 4-wira rf quadérupole storage ring
cenztructed by Church. The straight sections cf th’s ring =make {f
@ "1 suited for the study of irteractions cof the stored ions with
beams cf psrticles or phoons.
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Continuous Electronic Observation
of Single Elastically Bound Elcctron%*
{(Monvelectron Oscillator)
D. Wineland, P. Ekstrom, and H. Dehmelt
U. of Washington

The electron and its antipa.ticle, the positron, are the.
most common, Rost important and the theoretically bes. understood
of the elementary particles. Experimental studies of their
properties aiging at improved accuracies consequentiy do not need
much justification. 1In the present work we ure concerned with
experimental techkniques to cage single electrons and positrons
in ultrahigh vacuum by suitable force fields so that they nmay be
subjected to extended observation - weeks have been realized.
Since a single electron may he isolated and stored, perturbing
interactions with like particles are eliminated. Cecllisions with
the residual gas occur only ab.ut every 13 sec because of the
ultrahigh vacuum.

The electron is contained in a ¢rap, the principle of which
is due to Penning (1936). The trap is :ormed, Fig. 1, by two
cap electroles C and a ting eiectrode RE mounted in an evacuated Pyrex
envelope P, helid between the pole pieces of anm electromagnet M
gerer .ting a field of 4-8 KGauss. The trap structure is axially
symzetric about the (horizontal) magnetic field direction ard an

electron >n the axis sees z parabolic potentisl well of depth
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" the external circuit when the trapped electiren is axially dis-

Vo/2, V, the zpplied =lectric trapping potential. An electron
placed in this well will carry out a nearly harmonic oscillation
at v,=60 Miz for V5-12 Volts. Some of the fieldlines emanating
from the trapped electron end on charges situated on the cap

electrodes. These charges move from one cap to the other through
)

p.aced. The resultant rf current now passes thrcagh the LCv,

resoiant circuit of shunt resistence R formed by the coii L and

) and develeps a signal Ug,
essentially the right cap/ring capacitanceA The LC circuit and

R is kept at 80°K and because of the strong couplins to it the
electron assumes this temperature in ~0.1 sec for Up=0. The

-~

electron orbit E is then only 0.2 am long, corresponding to

excitation only by the thermal ncise voltage associated with R.
¥hen a drive vsitage Uy of a frequency v; near v, is applied to the
left cap, a driven oscillation of larger amplitide and a signal

Ug at v; result which may be detected syachronously.

For the purpose of preparing a single electron the trap was
first filled with ~13 clectrons by shocting a beam of electromns
from the gun G through a hole in the right cap and knocking coff
slow electrons fro=m the residual gas inside the trap. Thereby
an easily cetected signal Jg resulted {Fig. 2} which, for én
appropriately adjusted drive Up, couid be made to decay in discrete
steps occurring every ~5 min as the drive Up 1n roy sunction with

residual gas collisicns hpils the electrons successively out of

the trap into the caps. The last Ug plateau corresponds to &

3
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=
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=
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single electron. For raduced drive amplitudes, the nuch longer
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life times mentioned may be realized.

The cxperimental task of detecting the smzll signal Ug in

the presence of the many orders of magnitude larger drive l,

was greatly simplified by using one of two alternate schenes:

In (A) v, is slighily modulzted at a frequency v 31 MHz whereby

a more casily observable signal at vi+vy=v; is generated. An

analogous schexg is standard praxis in high resolution NMR
spectroscopy. In (B) the ezectron oscillation at vITV, is para-
metrically excited by applyiag an Uy at 2v3.

Similar preparation and detection methods should be appli-
cable to single atemic ions with appropriate desigs changes. The
previous record appears to be held here by Rettinghaus (18%07),
who, using a bridge circuit,reported a sensitivity sufficiently

high to detect four atomic ionms.

*Previov~1y reported briefly at the East Lansing APS Meeting 1973
Bulletin é.P.S. 18, 785 (197:,

Peaning, F. M, {1936} Physica 3, 873

Rettinghaus, G. (1967) Z. Angew. Phys. 22, 321

Trapping apparatus for confining, thermalizing and
ontinuousiy observing a singie particle {eiectroa or
positron)}. For explanation of symbols, see text.

Forced oscillation signal Yg versus time. The sigﬁai

at v, =60 Miz for an initially injected bunch of electrons
decréases discontinuously as the elec;reaa are successive-
1y boiled out the trap by the drive Uj. : 1ast plateau
is dus to a single electron. u¥€&C;101 scseae {A) was
used.
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