OPTICAL PUMPING
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In this new ler:lmiriue. ol ﬁ}:pﬁt‘imﬂntﬂl physics ligh[ 15 used

to “pump” electrons to higher energy-levels. The method 1s

cmpl{}ycd Lo 5lud)r the interaction of atoms and radio waves

b vither odd e optizal onp-

E ingd means just whak it says. In

general “pumping” is a process of
ralsing matter from Jower to laigher en-
grizy; for example, raising the potentisl
energy of water by moving it from an
alerground well to an clevated tanik.
In this aticle we shall be concerned
with the pumping of individual stoms
fram luwer to higher states al biterndl
energy. The waord opticel felens thio
liglit encrpy that is e soarce ol [rmwer
foae 1l |

"I.'I."Il.].' [ atenns? Thae g i Lo

prepume them Tora spocial Kyl o i
Liisegic: u:|||.[:,,'p:i§i Wit we Wiink ol @
ppwectreom, we sl by vismadsoe bas uf
waibiir, Actenilly abomie spleetnl exloil Fay
1H'_:|'IIIIII tli '..\',I.l-:_‘"li"llg[]m sl winihile |i:_:|l-l:
Lo Jew rommedeeid tlumisindiha of o centd-
pisitler) b bl ddicecbions. Atoes ean
canit sinil alwanls clectrmmagetic radis-
tion ranging From madin waves (wlase
]-:.nl_llth 4 mcossared in hiaedreeds wl -
least Lo H-rays _{a ol as llmg £in
Tl waves} . The visible spestiom Tas
bavvnt Ttememively stodiod for v wcentiry,
ol Lie Xeray spoctoum fur alioot 50
S AT e pesiilts ol thase investi-
prandiins i e apuantuem theary of atomic
plowctior, Hast sphecirokcapsy iy Al prilio-
Ty region is a very recont ilowvel-
apasenl, in |'|.'|.|'| wiaele |:||.rn:1'1"||1|..' !1}!’ the
teclminie ol apticad poging, il canly
pow beginning W ber wploites], Thara-
dogially, hng-wave stoalies ae now re-
vesiling fine detail in the stroctre of
alening Uil B fnvisihle ot slunter wave-
leugihi. And optical panging has al-
riady leil to a pumber af practical ap-
lication.

The reason for both the clfictivencss
and the difliculty of using rulio wives
for spectrscopy bos in their law energy,
Like ull athor electromugmetic radiations,
rdio waves are divided mto diserdle

T

Ly Arnold L. Bloom

* packets, or photons, the encrgy of welidely

varies directly with their [requency, or
inversely with wavelength, Having fre-
quencies millions or even billions of
times Jower than the frequencies of
visibile light, thelr enargy is fess in the
e geopartion,

When photens are abmorbed or emit-
ted by an siom, the atom gains or loses

the encrgy they contain, changing s
physical state in some way. The photons
of light, with their comparatively high
energy, fnvalve the travsition of an eloc-
trgn from one orbit to anather. The pho-
toms of rulio wiaves meraly shift the axes
of spioming electeons within an orbit.
Since the electrons ane tiny magoeds with
fields aligned aloong their axes, such 2
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RUBIDIUM IS5 PUMPED by beaming light from a rebidiswvapor lamp far lefid
Heroizh a eireulsp palurizser (sguore of loft center) aml @ plostic condensing hnts Jnta an
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shilt prlis o =mall duogte dn the
v tic energy of anatom,
ramsilion Teelwivon cnorgy slatios,
il i Doy sinovl: alon al
wier vl e L Fall SR TS
ity dndo e lower ones s ol e
s el sl jrassipy L ilin: |||'J_'|_l||.'1' TN
il e !I'|."|.'|:|.I'u.'ih: epmanila nl CHETTEY i
gatlable, 10 a tennsition i o he detected
speotrodcopically e umple ol mtler,
there must be g net exeoss either of np-
ward oe of downward s among its
atom Tn ponpiing g, the atoas suldeact
plwstisns Tronn s travsmitted beam ol pi-
dlintionr, producing an absarplion spow-
ey @ puanping down, ey send ool
plutones,  proilioging . an cindsion, o
Thriglt  Doe,”  specimme Clunerlly
spwitking, malber ot b in tho Toemn of
a gas or @ vapor o exhibit sharp emis-
sion. or absorption liney, Tn wilidy and
fipuicls. interactions. of  nedghboring
ateins broswdin the encrgy bevels, so that
the spocts cosist oot of lines Dut of
withe liands of [rimenEes,
Mow Wi energy sssocistal with a
apentbion s ean be exchanged
iroagth the direet ellision of atoms as

sl an hllu' Fueldibd g, AL fmarii Letmnera
Luirwr sifumins are qual g Lt u|1:|||g||
b esidse ot anither i fo the levels e
i For the cmission of visible gt
Thenelvre they are o position b al-
sty energry Pk esternal  ligle
seware. O e othior lasal, bay: raisiuig
tie tensperature of a sulstiowee, colli-
sioe Picbwesn s wlams oo Do ooeude
siifficimstly ouergetic (o) oxcile thei s
Huist thery gumsit Hyghit,

T miteintioon & olhowise (or  the
raglie- i apevtioe The minute fjman-
ity of enericy nueeiiry b shilt atoms
Ietwasen (e climuoly paced  Tevels i
availilsli iy fomes aver g tleraal
malioon af roesm I:|:'||1|h-|'.|l,|.|.rr, At Lo
sull the atosms contivially shife beck sl
Fewrihs, s tireses Bia e il bing: sbule arg
alwst geactly comnteshuabieed by Hinse
it b alwesrhing stale. In ooder to do
SO PECOpY sl way' inast be Food G
et i nidagoeity of atams into one site of
i nilier,

These wre o fow wityz ko aceonplish
s Ul it o el v Gip exidal o ronaleerizl
b s prsind welizve Ak nn langer has oooogh
thermal ensgy o prsdoce transitions

even i wern Llli:'ul.'l}‘ spennl lewvels: M-
:!Iu"r Lhein tond lrltlii“H s matesial fn
legouiel baelisom. Avnthier ragher dillicnlt
lL‘1:|ll|Il1_1lE i A pass A Fasem of aleens
Hirsngeds o oguectic: fichl, whics s k=
rilis 1w -'H'EHH“-H-J.: e Rhasls CLETE
slalys, Moo I'I.'L"I."Ill.]}l' {:::u'rimﬁ:i{'m licwwns
b eeluctant b wse these nelativoly
cumbiersoe apperaches wil hove de-
wetlogwal ehlromely soisdtive nedin roceive
cii b dlefect cmissions or absorpiticms
srksing ot ol the Eirsy diiferences in on-
Iy |'u:|-]11:|.1l|m:| { mesesurcl i plaris per
il | tlat exint watirally.

Lot 10 years apn A Kasthor and J.
&7 Trgissisl il tha Eeele Marmale So-
|5Il.':l'i-l.:l-ll'l|: i Miris dmd Froogis Witlce of
thie Mstachmsctls Tnstilite of Teochiilo-
gy hit ypon a Deetter iden, which Kastler
named apticel pamping, To wdestand
thi priidple, cansider o simplified atom
with oy three EII-C.'I'-[,:}" lovels, which we
ahiall call A, B € Il‘t“"[!‘ it randirim iy
meext e | Lovels Al 15 are hove-lying
el wery cloaes gl e coeepy alif-
ference butwoen than eorcosponds 1o a
radlio-froquency spectoum line, and ini-
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)'”"“: PROGCESS s depieusd weliopiatically inn teis didggram of Hee enecgy siates ol
i, Daifare pmsmping, the staois sre divided evenly lotweey energy Toveld & wsd 15, as
in L Afer slissrliog photons fram o leow of Gzln 02 ol i raised o energy lovel
C, toms deug biock in equal somlers to eneegy levels A& sial 10030, A (ha prioes con-
tlarties, enly one wtim is bell i Jevel A (53 § Goally B, v, enabs ap in Bovel B (T). The atows
are lam complotely gl Pumping e e ronsevod Ty 3 radiofreguency signal (83,

Tl tj' all Hhe o are dotilanited wiu;jl.
Iy Iitwicon them., Level © is mch higl.
ary the trusitions A-Coaod B-C corre.
sposic to Hues fn the oplieal part of the
spectrum, Suppose we frmadiato a sin.
plo ok these atoms with o lght beam
from which the spectral line 11C has beey
flicrel The beum contains phitons tha
il exeite atams i Jevel A lut ot @)
beved 1, Atoans excited oot of A obwak
cincipy and rise to G They will reisda
thove fir o shwet tme (as litde a8 e
millionth of a second} and then emit
engagry, dropping back either to the A o
I3 mhintee

I (s mirtian LI T T el s
dlopands on the strnetore of Hie atoons,
Linst thie Einpartant thing i that scsision.
ally an atoas drops inta 15 Whas it dois,
it cing v longer e excitied by the ol
dent lght. IF it returns oA, the light
will raiie it to the © stute again, ol
ug,uln it weall have soime T'II'\I:IFI.I.rhi.]“!r i
ieopping to 1L Givoen cooongh e,
EVory alanii s el ups dn Ul 1 oseate,
aml the matorial s then  completely
el

Chige this condition lins been attainei,
thane wre s svamloe af wiys to detect it
The simplest and most effcctive s the
imcthod developed by L G Delunclt of
the University of "|'|"i|:-;i||'|.1.£_"_lnr|.. Tt dde-
poweks an the fact that the trnspareney
ul e !..'LI:I.I.lIIL' e the ]Jghl bustm varies
witl the degree of pumping. As atoog
ara pemoved] froun the A abute, the pa-
terin] can absorb less and less of the
pumping light, and mere af it psses
through, reaching o mwaximom  when
punping is complete, Now i some atoms
are suddenly retumed o the A state,
liglt will again be absochual, and the
bieigliness of the tmsmitled Tuim swill
e sliangily.

This an be accomplished by irouli-
ingr the atoms with i woves o the
frerpuency corvesponding 1o e cucrgy
ol transition Detween levels A amd 1L
The cifeet is ratlior eamplicited dn s
elioaifs, Domat vom gslidy ﬁl'!ll..'!.'ll;.‘hl.g e rakin-
Mrequeney photois cause fhe abions
sbiatthe lack angd fordb betwsen the two
staton, thus effectively. trmsfering some
of L from 1o A,

Tho teehndgue 4 extraordinarily sen.
sitive, A sample of vapor ot o pressure
aaf a ten willisth of 3 millivweter ol v
cury can rednes ue trassmitbed Tiglit in-
tewnsity by as sich as 20 par oent when
thie corveel radin [redpicncy is applicd.
liv efloct every plotion of rulie-leegoen-
oy ooy mmboes e ::hnn|l|.1|l_fI af - at
Tt owe aptical ploton, Stoee the lats
tor's energy i perhaps o billion tioes
greater than that of the pulio-freueney
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EFFECT OF PTUMPING oo the transmission ol g besns of puimplng
ight iy depicied schiemstienlly. Hectangles al egener represent
ibiseption wclls; ciceles shove them show energy levals of aloma
within thens. Litide light gets through unpumped cell In cow o,

ad ke shwwn by the reading om mecler connecled 1o photeeell at

right. Cormpletely pumped ecll in row & i3 ogeically tranapereni;

when pumping is removed by spplying moagnetic Geld et -

tustes at radio frequency, cell sgnin becomes slmast spaqos ().
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ELECTROX SPIN determines whether absseption cell will act s an “apen shutter™ tlial

tranemiis pumping light or as 8
is parullel to what of mognetic
s in aliigram a, eleciron acis s a mipldore

acts an closcd shutier (b}, When an uliernating magnotic

“closed shuttes™ that blecks it. When spin asis of electron
ficld acroas cell, and 16 the polarizstion of vhe ligh,

apen shutter. When spin is reversed, eloctron
field is applied (ch, clectran

piraeesses and acts us irtlally spen shutier. When palacization of light is ehanged, the

presence of the aliernaging field esuses eleciron Lo &b 0 &

-

fluctusting slimter ().

juluiitan, iz fewn G ellect an amglifi
i gai s 5 Taalllins |

{')ur dlescription i Fur has glosud
ower o coi]Hivalion tlatl sccoany
for e Eact that this lssicelly simple
effeer v unt dicoveres] long
Wiy atyms srive i the 1) state, 4
are wed firmly canghit thore, Linet “leak®
ek e the A state through collidons
with sue arather e witli thio widls of
o wtiitainer. To e efloctive, pumping
ok he Gaster e thee Jeaks. Bven iy
exlremely dilie gases, where willisions
Tebareen abnis arg dufreuent, each
o wetll Lunogy duta e walks of e
eontainer peclaps HGOL Bies 5 e
wipacl. Stpoe aun sl s alwsurdy oo mane
Mg kst B0 plisdngs (uer avlaal
[ron enintivig specteal lamps, U lik
cleardy mveh b Fast. Snecessinl optical
passseginig Tl i it the diseovery of
inctlgsils Tor xlnwir:g dewn ihe leak,

Thi chacovery caune hrougth one of
thieet Ty accithenls it evory semm
tist basgres For, Koo sl liis sessnriiles
elisl Uivie carly cepevinmmts o sidiim
wapest eontained u highly evimited
alass hulls, They were barely able lo
kowp abiel of the leaking, bt they did
e & very small pumping effect
Thicse wapie 4[“]." in 1955 n o delective vit-
I :|._-|_-_-5|4_ﬂ||1 Fillescd wsiie of e Toallis arith
liyebioppen st el of evagumating it ‘When
this bl was testedl, it was found, to
vy s e, L shose 2 moch
lavger pumping elivel, The investigilon
Tieel hnown that o fercign gas could st
25 a0 bulFer and show the crift of sodium
atams 1o the walls, What they Jad Eailed
1o realize wos that collistons Lictween the
sodiimt atoms and the Goffer atoms
would not undo the pumping, The rea-
som 1 thait the ﬂuﬂ..thh—nf_ﬂm__t!?ttmu
o ity of the sodivm atows and the bul=
fer ptoms prevent the magnetic bitere:
vig_of thiir electrons. And itis by this
interaction that pumped atoms leak back
o i mlimmp:d shike,

Capitalizing on the lucky  ermor,
Kastler began to tov biydmgen snd heli-
vy a6 Duffers, and was able to use them
at pressures as high as one millineter of
mereury, Further he coutld wot go, be-
canse the buffer interbeved with the proc-
ess- Iy which he depeeted the pamping
elleet, At alwuit that ime Dehaelt was
developing his piethod of monitoring
transanitted Hght, which is mwch less
gengitive to the ence of buffer gis.
Thus he was abbe towork at much high-
er pressures In o sodiunm expenment
with an argoen buffer at 40 millimeeters
of mereury, he found that the time re-
guired for the pamping to leak away
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“wwwwns palwotenn abssorplions,

i o rensokabile sosali, Tt
R Ll |1n1“'1[t"¢|- T P E T e
willsont the bialTer gas! The veasoond
ot sl flae s ahiwes vl l.11|||.1||--l|,'lv
¥ aabimras frovmy ]11||:||||-r ] LR TAI | ST o
saalution wynle Iu1 P ol Bl walls
ansdees switly o Dedler, “The variling
bl vewealade gegon in s el iimic
ertore, Il slusals] vemsin solis v
Fabessrrees cenligeade, U lompenilune
whish sediin is proupesd Ihelinel
whaded that the reduiremnils codd
i b e D Digalvissdbaans it fongr,
ihit-chain mnleoules. Wlsinigy suile-
pans Wikl s ity s A0 ol adimns
< anwabewnnle, Delonrels sl others hava
alnns] rehixation thnes as I-uu:_!'_ s bW
“”flﬂ. .1.111'51.' 1_!'!:[11,"r||1u'||u N lh_'r'-
ol weith maliicliom el wesiom,
ich belwive like solfion et whicl
+ hie ponpued b lower temperatares
parontly the wuly reasin dokisation
A ot all i vhal e i wvieey 200000
listasnin ow min jeniistaoy Tiils 4l Finy
it ool eulaidlionn e cosdinm mielnl 1}1;,1..;._‘1]
thiat sl b amviubaing Uhe vapeor.

viial,

3 |lhll |!I.Lt|l'l‘|| wl i iyt mladles i
- oawseinn il voliibioe ik
ko aiisnni wonilaikalis v sajat iv-al jasenpubngt
i Bl e eveglicatind Wi Uk el
r".'|.-'||||]||| U | I1I.'l.l' Jpbwmpnes amlain s SNipes
5 llllli-il-t'l'l'l' alowtrsbie b thecsi oidaberiniial
elran sliclls J’IL‘L‘HI-I.[LIJ-I;.: T vz wunlis ol
ik mechonies the UEITE AT Tieded
the electron (o therelure its spin
tf i take u"I}' twir alirmelinns with
peet. b e exterial ficld: pwealiel o
l|_!l-'I!l"=I“|.'|r ez tvsia comnelilianes guirras-
il b ewar bevels Aol 1 They ave
thigticialied vl anly st icailly, bl
b tepig of the Tangubesr -
1" amsaiiated with the s, When 1IH_
slfuiy Xt '|_1-u||:|:|:'1 (RS VY {idic T
b, may ) the atom as a whele has ane
re el vl ol .|.||J_|_u!u.| e
v e whien e dhmaction s FrwiErsay |
e state ), Doy ol their excited]
e the atoms can huve il sreate
ol anseemehandonn Moo e thie B sl
2 bnpratand pwerod, s owee shadl gee i
waetemsl, 35 Ehol wl Disess ot Jusved [ esiif
5 o BT [FA T R T TP sitigmekiar e
pilnne Blicos thee A3 Bsle,
lad vesant B light palustons
¢ ot of spin or angular
* undinaey light Lem
AN e tions, Howe-
restricd then e a
ich s Lhe liyght
|]||].1.r]:r.ﬂﬂ, When
T poberrzod

B UGEHT

POLARGER
ARID EILTER

CFTICAL
SPOCIROCMAETER

RECROW AT
SPECTROMETER

BRI IS UMPED By red Gighi feom annibsr uliye Fica cibe Uife) lusresess T e ped
HIRE repion of the speetron wlwn Hambaed by iotens wlite Gghi P paing oMot was e
birbed lay b wptical spectrooesee an righi, bt sod by Uie auiseewave sjrrtiiimetes o baimi,

lrnn, thasie angolar mamenlinn neces-
sirily elibngod by ang wdl, incrgssing ar
'ILE:L'I'L‘:I:iEng trq:pum]]ng v Lhe dirccbion
wf fﬂ.llil.llli':ltll'nll-

Supaphasc wie have o mistore of stoms
i the A o] IV glades aeed Tlomisite
Uy weitli !l'ith al Ll (R Wl
bt hy v gaumn Uwenn o O30 00 e Bl s
|I-l.liir|'F.-'.1.'1| wih san Do doevisiat ol mw=
nvwaloin, Hlaea e atooos o & v -
ETT P T | TP i B prdigg i
vinaal ol _IJI.'_||||||.JJ pestanpat ol oo b Il.ll_: t:||.'|||'\-
wal Bl bt akoaps a1 :llt'.u|::r Teiwvne s
il .ml-__;lﬂu-r aneatoany s Lhe ks
e albestnbile donc stwte ©F Floee I‘ll-l:_}'
et alworh the Yight. “Fhis is precisely
i cuivwibitiog fiw u|_H.|'|.sI.| RLTETETHTEN

I Bdelunelts elassiic soddhim oxpori-
wibcnl s fop illisltvating g pect R
pu,-_-::'-'sl ]'|u|u||i1|:_: Ligehal a5 eolalainacad Divng
pkt ey Lo 16e Baeaim s dinectod
piarallol 1o the cwith’s magroetie feld,
whiele serves as the external leld to dis-
timguish the A and 18 states. Aftor priss.
g th:’ﬂu“]s a cirembar I!EI'J-.II!i?.I-‘J. the
Prprlat e towa Ui paangabis caill: o srhss Ladilla
Ll aiining sucliim et ased s of
winpRel s g o bodler gus, Aol
the Dl g v sots of il ooe e
Tl 0 madlio wives il the oilier ta
wiry Uhe sbecapihy of the earths feld
-‘I-|‘|:|.',|I|f'|}". Lighl brassomittod by e Ll
Falls ami i [:Imhn.'l A1, tlis il i ol el el
i uu‘li_ﬂﬁlmt el I']I.:GF_I'...I.}I'I.IJ o oy saseillo-
LT

When the experiment beging, com-
peratively litle light rexches the phota-
el Taerznse hall the sodiim aloms ore
b thiee Tight-almendiing state. Ay panping
priseeeds, the vapar rapidly incrcases in
braisarieney, giving rise oo shaep -
witkdl curvie on the eeeillospone Tlhe

Erstis woman Tt ol slicoartaeg it nsam e
i s umiprrh_'. Moo e IR e
b viase Lo '|lj-' J]Ii!l}l’l‘u!_ll' r:lJli.'e:.-Fn,-eJuurL.l,'J,'
ey Ban figy (i chectroas over, Tl i
ELLSL L A wivel Jsnee lJl._:l.pll:m:_:r. bits
opeaived oabo Whisea bepessebs s Elaesiimng Ll
il IIH g [ebils Gl Bisded ol wair

el g, Tyl o 10ae cant s g

pisnnn sl nins bl fas Banitlem, s Frogpaeey
ab el ly mslien resotes bibwers e
-Lir“ LJI“I '||'|| W
por seevandan L b dimiad dsinvasiint sy fi
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difitve s menoiias s Dy v e
aarth’s fickd a litte in recaniont eyeles,
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