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The results of the work performed under the partial sponsor-

ship of the contract are described in the 21 publications tabulated
in the appended list. Surveys of this work are contained in two
review articles prepared by the author, "A Progress Report on the
G-2 Resonance Experiments", Proceedings, Fifth International Con-
ference on Atomic Masses and Fundamental Constants, Paris 1975,
Plenum Press 1976 and "The Ion Storage Collision Technigque",
Invited Papers, Ninth International Conferenée on the Physics of
Electronic Atomic Collisions, Seattle 1975, University of Wash-
ington Press 1976. Preprints of these articles arc attached.

It may deserve special swpecial that during the work with
stored electron clouds an important insight was gained. When
energy and angular momentum are abscorbed by the cyclotron motion
and transferred via e-e collisions to the axial and magnetron
motion but only energy is disspated by the axial motion ,the radial
extensisn of the cloud must shrink. This follows from angular
momentum conservation in the closed system electrons plus magnet. The
principle may be of use in the containment of fusion plasmas.

It is a pleasure to note the group of younger men who have
participated in the work of the contract; these include post-
doctoral men L vrought in from other institutions, men who had been

awarded the Ph.", degree at the University of Washington and re-~

mained to follow »romising lines of research and to capitalize on

an investmant in ecuipunent and on their immediate facility with the

At

body of ideas with which the work of the contract is concerned, and
those having earned d-ctorates.

The list of publications records the support by the subject
contract of work of the “ollowing postdoctoral men who had earned
the Ph.D. degree at insti.utions other than the University of

Washington: -2 («)-
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The results of a program of research in the rf spectroscopy of stored
icns are described. Work has been done on the study of magnetic
resonance and hfs of e~, and Hz'. Techniques for measuring the
temperature of ior gases and their radiative ccoling have been devel-~
oped. Continuous Observation of a single electron oscillating with

an energy of £ 10772V inside a penning trap has been realizeg,
“Monoelectron Oscillator”. A new principle of forced radial shrink-
ing of stored ion cloudyby simulataneous cyclotron excitation and
axial damping has been proposed which may be ¢f use in the confinement
of fusion plasmass
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Talbert Stein, Ph.D. Brandeis, Now Associate Professor, Wayn=z
State University

R. 8. Vanbyck, Jr Ph.D. Berkeley, Currently Research Associate
University of Washington

D. §. Wineland, Ph.D. Harvard, Yow with N.B.S5., Boulder,Colorado
The following have earned doctoral degrees at the University
of Washington and have continued as postdoctoral associates:

Philip Ekstrom, Now with Battelle Northwest Laboratories, Richland
Washington

Stephen Menasian, Now with Fusion Energy Institute, Princeton, New
Jersey

Fred Walls, Now with N.B.S., Boulder, Colorado.

PUBLICATIONS

Determination of the Anomalous Magnetic Moment of the Free Electron
From Measurements Made on an Electron Gas at 80 K Using a Bolometric
Technigue F.H. WALLS, Doctoral Thesis, University of Washington, 1970
Differential Linear Stark Shift in Rbss and 651335 P.A. EKSTROM,
Doctoral Thesis, University of Washington, 1971, also Bulletin A.P.S.
16, 849 (1971).

High Resolution Study of the (1, 1/2, 1/2) -~ (1, 1/2, 3/2) hfs
transition in H{. S.C. MENASIAN and H.G. DEHMELT, Doctoral Thesisz,
University of Washington, 1973, also Bulletin A.P.S5. 18, 408 (1973)

Spin Polarization of Stored Electrons or Positrons by rf Pumping.
H. DEHMELT and P. EKSTROM, Bulletin A.P.S. 18, 408 (1973)

Observations of the g-2 Resonailce of a Stored Electron Gas. F.L. WALLS
and T.S. STEIN, Phys. Rev. Letters 31 , 975 (1973)
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Orientation dependent collision processes such as
et + Na¥ » .+ + Hat, (Dshmelt, 1958; 1961, & 1962; Craff et al.,
1968, 1960 & 1672; Church & Mokri, 1971), et + ¥ai{?3) -e
+ N2(2pP) - 8B, {Graff ot al., 1958, 1969, Church & Mokri, 1971),
see Pig. 5., Het + Cst » He¥d + Cst, Het4{1s28) + Cs¢ + He{2s!s)
+ Cst + AR (Dehmelt & ¥ajor, 1962; Major & Dehmelt, 1968;
Schuessler et al., 1569) sze Fig. 2, and hu{«+) + {#-H)*
+ HY + AE, {Dehmelt & Jefferts, 1962; Richardson et al., 1G667;
Jefferts, 1668 & :969), see Fig. 3 & &, have been used in past
gpin- and hfs- resonance studies on stored icn. The special
forte of the
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= Time{Seconds)
~ Fig. 5. Stored electron cloud/Na-Beam experiment. (A) Shows
E apparatus in which collisions between electrons stored in a
= Penning trap zad a beam of polarized Na-Atoms were studied,
. (B) Shows spin-dependent change of energy distribution in
g stered electron cloud due excitation of ¥z D-lines. (C) Shows .
- anzlogous temperature observed by noise thermometry. (A,B) from F

(Graff et al., 1968), (C) from (Church & Mokri, 1971).

don
i

we 5x10° CPS; Ry= 2x107 & [s/it= Viy /KTo

T 13 sec; WV 3eV

S/N =100, kTyr 003 eV
Fig. 6. Brief analysis of hot oscillating jon interacting with
resonant tuned circuit, from (Dehmelt, 1962).

% SINGLE HOT ION INTERACTING WITH TUNED CIRCUIT i
3 3 THERMALIZATION OF ION
—_— S W; =kTp 2 {Wo ~kTo) exp{-1/7)
E w'o§ Tr 2z0 g gﬂsﬁo) %= (4M 23)/(e?R,) )
£ ; [ A <
. | g OPTIMUM SIGNAL TO NOISE RATIO

- = =
: INITIAL  ENERGY OF ION, Wo, FLOWS

¢ @ Wr o T gLowLY INTO TANK, FAST HITO

= BATH, 52> 1o, RETARED IN_ TANK

=3 . § OR INTERVALs Ty, Wy s(Tra/%r) Vo,

= NUMERICAL EXAMPLE THERMAL FLUCTUATIONS OF TANK

3 ENERGY FOR OSSERVATION TIME s

E M=100My; 22=0.5¢cm tr  AVERAGE OUT TO AW

2 C=I10™" F; Q=100 G/t )kTo o S/N =Vie /W

A

@
ok

it

o

E &
2
E
E

gl




i

s

R -t

lfJi
LA L1

i
e

M ANA A

m{2z
ELECTRONS 4 od L= 1

&) a e
7
0 us Re URe
. 1 R
C= LE

{2,3)

b}
Fig. 7. Flectrical eguivalent representations of electrons in
the Penning trap structure. (a) Pictorial representation of
electrons in the Penning trap and electrical equivalent repre-
sentation. (b) Electrical equivalent representation of electrons
(2, ¢), Penning trap, and external circuit (L, C) showing noise
voltages associanted with real resistance R and fictitious tran-
sistor in-put noise resistor Re, from (Wineland & Dehmelt,

1975b)
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Fig. 8. MNarrow frequency band model for electrons/ions (2, c,
r.) interacting with LC circuit (Cg, Rg) showing block diagram
of detection electronics, from (Wineland & Dehmelt, 1975b).
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Fig. 9. Noise spectra sssociated with electrons and Penning
trap external LC circuit. (a) Specirum with elecirons absen
from trap. (b) Spectrunm of ~n =5000 electrons when electron
axial resonant I{requency v, = v' , the LC circuit freguency.
(@) Same for v_ = v! + ~130 kHz? Observation filter width
Av; A2 kHz. From (Wineland & Dehmelt, 1975b). ({e) Electron
parallel resonance (v">v:) signal obtained with anharmonicity-
compensated trap; Fig. 10., (Van Dyck et al., 1975).

tion is also being used to cool the ions. Cloud temperstures
of Vv80%K for e's in a Penning trap (Dehmelt & Walls, 1968), and
n800° for protons in a Paul trop (Church & Dehmeit, 1969),
have been found by measurements on the LC ciruit, whose noise
spectrum is grossly modified by the ions, Fig. 9. All the
processes involving collisions listed above may be used te infer
cross sections. Further, the forced center of mass oscillation
of an ion cloud is not broadencdé by like ion interactions,
(Wineland & Dehmelt, 1975a). The eguations of motion of a
single particle in a Penniag trap under forced cyclotron/axial
excitation ?x(t}/fz{t) may be written

o
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¥ 1'2 / 17 ; - e’ 2 = .
m¥ - m&zx/2 + mw ¥ fx(t), (-mwZ/2 = ed,.)
my - maly/2 - X = 0, (-ms2/2 = eéyy)

by e = ) 2 =
mz + miz £,(t), (mmz e¢zz)

Electrostatic interactions between like particles in a
cloud very small compared to the wavelength of the exciting r.¥.
field do not shift or broaden the cyclctron resonance at w_ ~-w

¢ m
or the exial resonance at W,
= el /m -l = pl/o = -
w, = € O/ c, B = WL mz/2 e¢xx/m

Rather, from -the equations of the z-motion of two interacting

particles

. 2. _
+ = +
wz, + mwlz, lez fz(t)
2, = o
+ = +
mzz m’ 2, FZZI 1z(t)

it follows by add.i’on that the center of mass coordinate
Z= {zl + 22}12 obeys the same equation as a single particle,

* e '2 -
wZ + maZ? = fz(t)

The same argument may be eztended to the x and y co-
ordinates and to 21 arbitrary number of identicel particles. %)
Experimentaliy for e-clouds in a Penning irap with conpenszated

W oL
anharmonicity, Fig. 10, widths of 20 ¥z have been realized,
Fig. 9(e), (Van Dyck et al., 1975 ),rﬁking
e-atonmic beam collisions detectable. Earli
technique was proposed Tor the detecticn of eaer" transfer
other degrees of f{reedom to the axial motion, and such tran
fronm the microvave excited cycloiron motion via e-e or e-sie
collisions was demonsirated (Delimelt & Walls, 1968; Wineland &
Dehmelt, 1975b). Zstimetes indicate that the sensitivity of the
eleciron calorimeter rea ized hould be sufficient i c stuay such
exothermic reactions as e + H -?) + e{Am_ = #1) + H(F=o) +
5 ueV, in a stored elr- cn a

..I‘

i

4%

cloué /H-beam apparatus. Most
recently D. Wineland ot al. have observed cy iatrcﬁ resonance
in the monoelectron oscillator in a similar fzshion ﬁ’ter the
collision sensitive forced axial oscilistion at 60z of &
single e had been observed continuously, Fig. 11, {xﬁqala d et
al., 1973). The detection of the cyclotron resonance in the

m.l [Ja l"j |:

slightly anharmonic moncelectron oscillator was based on a2 trig
ger technlgue relying on off-rescnance paremeiric excitation
near 2v,. Energy transfar from Lhe excited cyclotron motion

to the ayla* metion ria an electron/backgrot -ﬂ—g;s—atCW col-
lision moved the axial frequency v_ within the regencration
range building up a larée detectabie forced eseiliation, Fig. 12.
Here oneration with sharp cyclotron energies in the range

(01-1 eV and axial energies <imeV scems feasible eventually
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Apparatus for isolating and eontinuously ob-

= serving the forced oscillation of a single elastieally

E bourd electron, A biock dingram is given in (a). Switch
3 position 2 is for direct ercilatisn, position ] for para-

= metric :xcitation of the forced oscillation at v,3™ 5.7

= Miz. In {(b) an cquivalent circuit is shown for swilch

) position 2, Z, representing the clectron.
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corresponds 10 a single cleciron,
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Jobe
o
»

+ rF

dete for RO at an electron energy of
S
A

. 0.055 eV¥. The data from 500 to TO0 s show the decay of ion
= signal in the prercence of elecivons. Measurewent: at other =
-3 tizmes show residual decoy mechenisms, from {Walls % Dunnm, :
197%). =
: »
= NO ELECTRON LEVEL———
BE&M = 50s4 L ss i Z
= A p(‘f!\"fw =
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= . TIME AFTER CLECTRON IHJECTION (sccd :
5 Fig. 1. Differenc: in elactron cut-of-cbservatidn-channel-
diffusion signals due to collisions with potassium atoms vhen

the potassium spin ?ﬁ}arizati-;fs is changed, {McGuire &

- : 3
Fortson, 197k).
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diffuse radislly due to e-atom collisions for a distance of

~, 01 cm. These suthors have also observed the cooling of the
electron cloud et k¥ <<1 eV due to inelastic collisions with
molecules, cf. (Church & Mokri, 1971), Fig. S{(c). In the way of
new schemes of some interesi te collision physics it has been
presoseé to use laser excited resonance fluorescence at vy to
(A) make = single ion stered in & miniature Paul trap visible to
the naked eye (Dehmelt & Toschek, 19/5), {Dehmelt & Halther,
1975) and (B) freeze ou® gbﬂ secular oscillation et v, of

the ion in the trzp completely. e lztter trick is aecomplish-
2d by making the ion assorb ph tﬁ:s et the Doppler effsct
induced sidebané freguency v; - v,. Since reemission will

oucur symrretrically =t vy £

energy is &z tracted from the
vibrationzl motion on the average, (Hinelend & Dehmels, *9?§23
Kereby a solution of the §rev13“cly posed p i;.bleg of how to meke
an isolated (charged) atom floet 2t rest in free space (Dehmalt,
1967), appears to have been brought In a relzted
scheme (Wineland & Pehnmelt, 1975 ,5rr it has been
proposed €O pump encriy into and extr

=

the nagnestron ﬁsthp of ag e:ect?on

*ﬁ

h‘l

oscillation at u, i Penning
3s§sd9fc§eoua rf. ia at v, F ﬁﬁ, &Eﬁ
radially. Tnere possibility ¢
ple is of broader applicability

ment of fusion plasmas,

Ton storazme technig
based on them previocus
L }959} (Davson & ¥nette
(&ia %ﬁy, 19?;‘:}} s and (E}m;

The suthor thanks his covorkers, Drs. Davig Hineland and
Robert faﬁ Dyck and Yessrs. Paul Schwinberg and Frank Goreckl
for reading the manuscript z2nd Hs. Lyn idox for typing it.
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clectrons viae interaction with a polarized Na-beum were initinted by
1959. In the cource of this work the relatlon 2w,mg=w? was demon-
strated erperimentully. prvcsbion were derived for the therma~
lization time ']nn»(hnbo)/(ﬁ Ry) of u single ion of muce M ond inl-
tial ‘energy VWig oscillating inside a trup of cap sepuration 2z
interacting with a tuned circult of shunt resistance R, and algo the
power sipnal-to-noise ratio 8/H * Vy /kT available in the tuned cir-
cuit vith an observation time ~71p wn obtained (Dehmelt 1961, 1962).
As-no spin rosonance vas observed it was decided to po 1o smuller,

deeper traps, v, * 60 MHz, in higcher flelds, v, = 3 - 22 Glz, and to

study the1m¢l:zation end relaxation procesces oceurring in the cloud,

“which were feured to interfere with the detection of the spin reco-

nunce, Of special interest here were interactions between the elee-
trons, with the tuned circuit and, via Vajoruna flops, with (modu-
latel) magnetic field gradients, c.g. (Kleppner et al. 1962). The
hope was to use relaxation effects to provide o link between spin and
cycloiron motion that spin resonance might be detected by hruting of
the cloud (Dehmo]t & Walls 1968), eliminating the need for the lla-
beam. Having adsorbed o number of {ormer members of the Vachington
ion-rf-gspectros copy group the Bonn/iiainz group cntcrcd the field very
vigorously in 1965, taking up the Penning trup/u c=bewn combination
arfter spin rezonance of Het in o Panl trap polurized H" spin exchange
vith o Cz beum had been demonstrated nrevioucly (Dc!mu;b & Wajor,
1962; Fortson, lajor & Penmelt, 1960). 'This proup was the firat to
report spin and g~2 resonances (Fortson, Graeff, Major, Roedsr and
Woysh, 10AR: Graeff, Viompt and Werll, 396C), The woih ab Lhe thoee
lubs prior to 1972 is Lhe subject of a chapier in the 1972 review
article of Rich & Wesley., Part of it ig aleo covered in the 1007 and
1969 review articles on ihe »f snectroscopy of stored ious Ly the
author, ¥arlicr work has been revicwed by Hupghes (1999) and rorurso

(1965).

THE STARFORD 5XPERTANI

CAny experimentis with slow electrons ure becet with many problerc
unfamiliar to experimentalists well versed in the hundling of "stifr"
and much more popular hich chnergy beanz, It 36 @11 the more curpris.
ing that the romarkable data whieh heve been ropoyried Tor the
Stanford eleet>on=pozitron free=a11 oppar-! o (Fpiybeny of o)., 1972)

have not stirred the interest of cxperimentalists in 4his ficld more.
It hus been proposed (Knight, 1965) to xdnut Lhiﬁ tlmnnor-”1.;wv ap-
paratus for which energy resolutions of ~107'Y oV at W% and ~1070 eV

ad, 300(K have been reported to simultancous measurement of spin and
eycloblr»on resonsnees on electrons in the lowent Pebi-Landnsu lovel
(Rich & VYiesley, 1972). Land & Raith (197h) have deseribed experiments
vith o somevhatl similar time-of-flight epparatus 00VO10pCd for col-
lision studies and report o resolution of -5 x lo™3 eV at 300" K,

Best Available Copy
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Fig. 1. Schematic diagram of electron trap and detection
sysiem.
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orbit of radius re will convcquently see an oscillating ield

ro (0l /%) cos wet. Sinee (8l,/0:) » con wqb this rield vill eonsist
of tvwo gide bunds ot w, £ wg ond will Induce spin Lroncitions vhen
one chosen v, + ug = v, Volues ki, /0% ¥ 10 G/ewm vere pructical,
ylelding with »q = 5 % 1077 ¢m Kabl Srequencices of about GO0 Nz,
Gracty & o). (1969) and Chureh & Molri (1971) have vsed a difforent
confipuration in which the orbiting clectron sees a field rotuting ab
we vhose omplitude ie « cos vyt, Dolh of these ficlds violate
Byrne's (1963) unnceessary reeiriction 4hat fielde eapable of
indueiug the p-2 transition should be independent of 4, (Dyrne hou
proposed to wse the leading, z-indepondent term of the elrcular
HeeTicld present in a special coaxinl cuvity. However, even for

(eurd H), = 20 nG/ew snd 2« Fobi frequency of ~1 Uz the wecompunying
electrie eld ¥y, =) (eurl 1), assumes the vuluc of -1 kV/em! ab
vg = 25 Mz, ) “ubsequent erpoerimental cfforts were dircetod tovards
Inercusing the efficieney o the resonnnd spin/p-2 heating and of the
bolometrice detection, Computor simuation indicated thuat alternaling
ndichatic fusi passage opin reversuls and (5~2 Crequency w~pulues of o
combrined 2 muce duration shaudd vesult in o quick drop of the spin
tevyerature to 8% ond wn dneveune in the eloud towperature of

109 /see (Dehaelt 2 Bketeon, 1973a),  The dntorection of Lhe tunad
cirenit vith the elecbron 2lond wus an~lyvved in Lorss ot on eptivi-

" e e P wH 2 pepar e A P g, o . - . 14
lont Lcrvz Lories resouant corenlt shunlins ooreal Ohw, pareiiel
" o

Y

resonant clreuid,  fthe couivaiont induetnnee for n sinrie clochron

29 = nh, n the clectren wivhe s, Iu o conntont of Lhe tray vhieh o
our paranchers hal the volie 4 = 806U Hy, brastice effccels of Ui
elond em the nadan aractsne of $he Lo d T ataeenle demons Lvad ol o0l
The width of the noteh oboorved for v, = ""/" Laloued noeonvenioent

Acterminntion of n, From Lhe viewpoinl of erloel oty ol opoeind
interest in Lhe sharp nolyce ook observed ot w,»vi. X6 30 du
!

purellel resontnee amcocisied with the clowd anl Uhe arew wder tho
resoatnee Lo rropordional to N X the sloud Loonernture, AL B0YE the
correnponding Cleetron eloud eulorin ver 1o olinroelorized Ly o e L
3 " oubout
\

input dntepration tiue of -5 ¢ oun
YOV for pno+ 0%, (Deheeld i Vinelo
1975L) . hepuning with Gordaoar (LG Praniton & Licbes (19958) wnd
Fiseher (1959) that the eiectric shifls of eveluiron and axinl reio-
nanaee freauencics should vefloel fields from Llcntien) nedchiors onn
mipht feel thol a naveow oboosved roinive o2ial Line wiolh of ~3
shouvld dudieate a4 coapovetle <1 liz untiormily of Lhe eyeloleon reso-
nunee shift cqunl to vy, 107 Mo, Bowever, Lhiin s
(inelund % Pehineit , L9750). The cqunlions of mebion o o siugte
partiele du o Peuning trap under forccd eycelotron/oezinl czeitation
£,(0)/1,(4) mey Lo written

: fx(t), ~mni/2 = 0Oy <>

[P - 4 et 4 . .
o Lemporatoye sonsidivivy o s
v
’

s O3, Viinelendg B oDelsedy,
[ ]

s ncl bhe cnne

e

wy = amwl /24

i

Y - ) - 4 - il [0 o )
my mayy /2 - s ko= 0, near, [ 3 Clyy AR

-

my ok m‘u,/", fz(l,) ’ M':)’/," L (34:v%%:
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Rleetroniatio inleractionz Lotan Mike porticlos

brouden Lhe eyclolron senounnee al “c -y, or the
. 7o,

Wy W, 5 el /e, watty = wf o= 00 /2 @

o T PR I Y ,?;JT_ °
myy b owmeing = K g fz(u)?» mh2‘4 MJZ§2‘~ ¥.2

do not shil'l or
EL?’..L«’.’,:L asonnycee ol

- ,wv ;/ we - Rother, i’x}pm the oy~
tion Of the z= motion of Lwo tnvcrucijbh portdeles oo o

ai, “f?(t)

il follmnx bv addition that t)e. contor 0:“mu"ﬂ coordxwatﬂ

'/'.' = ('/.', ) //’ oy

mh ok mm’A r"(1) 'Thc game rrpument Ay ba O/Uoudoc

UOU!LLH&L(u wnd Lo an arbitrury n&zbﬂr‘oi Ldﬂnb:c
fortunately, Lhis is nol so {or the m=2 resonance

s the same cquabion wow single.porticle,.

¢d to the « And y
xlﬁpap JCIQu; ‘Une-
oceuring in o ¢loud

at w, - wg o, licre the 1N(lVLdUw1 electron ¢ piw aue 1o lﬁﬁif

N

L {
thermal eyclotyon motion at Y =] through thh apvliné LﬂhOﬂuSPH?-

ous magnetic ficld d’terﬁztxh, at w; _2 + wnl ‘sees

apin resonnnce fregueney o = we +‘uﬁ (Dchmu]t

h~"1cewaﬂd ol the
and, Wails, 1968).

liowever, wyy ¥ uy, now rc‘iect" the m;cro-eﬂv romentof.- tne elentren
focuzcd upon, The presence o ,tronﬁ“c»c 1ntc""~txon in usable

clouds has been de onﬂ‘"“”ldwu ocalog by ﬂmramot
a2v, or 0 node in which onhe ha'il the ‘eloul
veainst Lhe other hnlf) suare xting ]kww -, I/»m
tho1r“u for o tha centur-eU-raes mode g ilxc widen'
Vot =00 13?1.. has ool 1 reallic.t,

Jthlv anhurmonieily of he Loopping potential,
incorporeting ‘urd riggs newir doevelo

3

it e boeoen ?“nuublo Lo null b the

riste voltoges to tue guard inzc.
In vicw of the ehove detoln?muntd o single ¢
1

a Larmonie well, frec from comnl ;
more prd nore atbractive,  Aso oo Tirst clep expor

-

ne eause of Lhe resi
44
Lind wnd Lo reguee tno width o0 the line Lo =00

wX opaee choveoe o

i
fronta were boran Lo

i, ;oyﬂntatnon ut
1 J“LL" Juu-'Of“u"'!"LS/‘
= 01000, devers
uv “vﬂu Hr oot

v
ﬁith o troap d :
Dvek ot 2k, (2979)
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Pots Laenn to
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conbtinvonsly oboerve he oxial cooeiliabion of noelnrie eleelro:
(Vinelona, Shobrom & Deowedbo 1073), Clead oxpeeinwents bod droclesdad

Loy syduamonieity dv?/&UWbe wn OV, Sidestepsine wosoeinted Sroe
quency putlbing mi,h<n"~'oxcftuziqn nh LYo zero-nmnl

QUeneyY Vo ;
arive ugwes oppliced o one enp wirich vin ;hc cqm
7o of Lhn nerles resonnnt eleotee

I W, o inerenced Com O Lo Jav the Ci{&'“"”?Vﬁn
~f bz tnd Ahe dnegd
0 1o hwr 1 fORE(RI0T0, an i el
through Lhe Lo eireuit of shunt Lopodnnes 30 3100

UL‘P“L ¢up developine o sipnel u, wloeve
P RS .

osciilolion of cneroy Wy o= 2y17,/0

BYoris aocogiated wilth Lhe unitovorsd

by uﬁi:h"" modulaling vy ol vy g
oseidlatg I Rhe WAt V., - Vo .
Leehing, i'x' slron s v, ecarrive,  bLrawin: o x't!n)
phetehod conrlier aoeiy 10 olechraa were e teet
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raised Lo a eritical level of ~2 mV the sirnal decreased roughly cx-

ponentially but in opuedl steps. We atbiribute the zteps Lo Lloss of

~
b

cingle clectrons acscneiated with an instability due to sign reversal.

of dv o /4y occurring at Wy 2 .2 eV AL o lower ug and ug = .2 pV the

lost 1JWL~-u cor"cspcnalng to o single electron hus Peen ob~e“vnd
continuously 1o days Az a first 1np11c tion the cyclciron res

nance neav 22 GHz vas observed cn this "monoelectron oscillator”
(Le0). A trigoer technique based on encrpy trunsfer from tne excited
cyclotron motion viz pas collision to the axial motion parumctricually

driven aft 2w, was used. For the purpose of mnﬂxtorvnb cyclotron rnd

Cspin quarbum nucbkers n, m of the MEQ, Debmelt & Erstrem (1973v) huve

proposed to superimpose a wagnetic bottle; Hp = 100 G deep, over the
Penning tr”p fields., TFor cur szondard trop tﬂlu would cauce.a sh

RS

if
Sv,(n,m) » (2n + 1 + 2m)(3 Hz) ofivinéo Milz due to.thce contribution

0

(zn + 14 ?m)loqb’ wip = .5 to the ~6 eV deep trauvpning poten-

tial. Thu" v it uuw"u ve pcssxule touliter: @lly wetceh the LED jump
irom onc n,n level to another, o L0 llﬂﬁ?luun Av, = 8§ Hz having been
demonsiratoed reeently (Winelond % al., 3975). A broblen rCWalnj r is
the counling between the cyslolron mot lon and ihe "froe spuce” radi—

F )

ation Tield., A solution, nizgat be to enclose the trap in & cnaldl,

Light hish-Q micrewave eavity and to choose v, thus ss to decouple

the R0 o nuch »r possible Sroa the few reconent nodes the eavity
can suppoeb.,  The current wpprosch is to cool the B0 to BPH.  Yhere-
bWy a avril t;;u in the no= C levels of -1 see ey Lo res 1;zed L

Ve T 22 Uliz during whlch the shifts 8v,(0,~%) = 0 and ¢v, (0,4}~ 6 i
il b cbheoeved (Pvnmﬂl ot al. 19Th$ » 200 Gliz thn *mcll

0 Por Ve
| O | - . Y o te 3 h P N . s N P - Tiee aiwr =
timen hroecan w0 chor! ) il bececios procllioal tu meneure bho Lven

&
-
“
Pl ~
|9 1
are shilts <6v”(1,v,)> wnich egain diftor by 0 fin. Herceupon 2nd on
ihe voery o .LO'L'- .3(,.1. N o ls.-,q bt
o

zticn the devectlen of ¢~ truncitions in-
dueed wiren n»0 may be based.  Yne suall shilloc Sv, duc to the rela-
tivistic mans Luangc: Gin = (n + % +m) nv /C xaj
bacoe ol intersst 0o - the del ction,o” *““ -2 X nance (Delmelt
et ol., 107h). Teoi (L928) has solved Lthe U':nc c;twts a for un
clechron noving in o maumetic £76d. 0 In sccordance with this 4ne

spin osbote ererry has Lo ve rezavided e rineliec oo v a5 6m is con-

5 oulite medect p=2 {ruasition roicos

cerancd,  Yor tho (0 oxpovimeont
suffice and it is of inlerest to ook for poascibliy nors conveniont
alternete weys to r"~]iy£ them., K. g. @ stulic mornotic point

dipele field is inhooozoneouc encush for wn cloetron carrying out iig
eyelotron motion ob v plus z foreed exial nmollior ot vy to sce a
uenble mnrnebic rf Sield at the conbinabica freguenty Ve 4 vg
{(Dehmert, 2909 p. 151L).  Bven the relativictic ﬂJ"u‘th f4~3d

B = Ev/c = .1 uG secn ty an 1 meV electzin for F 1 V/ew ot vg may
Tind a391¢0'”¢vn (Dgaucl“ % Flhistrom, 1973n). I wish to ithunk

Dr. D. ¥Winclund and Ur. Re Yon Dyck Tor reading the wanuseript, nd

Tyn uddox for typiung it.
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FIG. 1. Apparatus for isolating and continucusly ob- -
serving the forced oscillation of a single elastically {WINELARND ET AL., 1973)
.bound elcetron. A block diagram is given in (a). Switch ’
position 2 is for direct excitation, position 1 for para-
metric excitation of the forced esciliation at v,4> 55.7
MHz, Ia (b) an equivalent circuit is shown for switch
position 2, Z, representing the electron.

1 :|
j ‘ . PREEMP STRIP g b

e : : - z . {
o v:l‘{c' 0 1 V ——4= v L i — E

f“-kr-—-y - ?HASE L"’Lf_“‘—_

BUFFER SHIFTER .
1 2 3 = - g ON - i
vary prase) | | " ® (SR O T TN TR Y P A YO TN WO B ]
AMPLITUDE | 1 s,/ TiME -~ 3
21 =~ : \sEr\ren anp Y FIG. 2. Recorder trace of forced-oscillation signal i
o > 2T — versus time. The signal at ¥.; = 55,7 Mliz for an initial- g
b %):s" 2? Rggg‘;’igé—-————n P}g"’ ly injected bunch of electrons decreases discontinuous- §
? pe = it ly as the clectrons are successively boiled out of the E
> trap by the drive at v,/ = 54.7 MHz, The last plateau
(o) corresponds to a siogle electron. :

P

=
E]
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3
=
2
E
E
=
=2
=
=
=
=}

(WINELAND ET AL., 1973)
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