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PHYSICS WITH THERMNAL ANTIPROTONS

MOV Hyvoes and 1J0 Canephell
P'hyvaios and Theory Divisions-o D os Aagnes Nadional Laboratony,
Lo Mo~ New Aledvo TSV ST000

ABNTRACT

The siane beann cooling techniques that have allowed for Ligh luminosiy an
tiprotan experitnents al high cnergy also provide the opportnuity for experiments at
ultra low enerpgy. Through i series of deceleration stages. aaripratons collected and
cooled ar the peah mementunn for producnion can be gads acailabde ar thermal o
sub-thermad energies. In particular. the CERNCPS 200 collaborativg i developing an
RFEQ pulsed ion trap bean line for the antipraton gravitational mass experiment at
LEAR that will provide heans of antiprotons i the enerpy rinee 0601 10000 eV, An
tiprotons at these energies make these fundamentad particles avadladile for expernnents
in condensed matter and atomic phvacs, The recent speculavion tha antiprotons mia
forin metastable states in some forms of normal watter could apen iy new avenues
of basic and applied research.

THE ANTIPROTON GRAVITY EXPERIMENT N1 LEAR

Thearetical approaches to gravitation ahound whereas experinents inopravity,
until just recently, could be counted on one hand. A fundamental measurenent in
exporithental gravity that hus not vet heepn done is the measarement of the gravitationad
force on antnnatrer. In certain extended cupergraviiy models, specitic partices have
different gravitational masses from their associated antiparticles! Howeversas vet thers
I been no direet test of this prediction. The granvity experment at LEAK (PS20007
will test directly the equadiny of particles and antiparticle gravitational masses in the
barvon sector with pratons and antiprotons,

Fapenmentallyv: we plan ta use the time of flight (T OF) techimigue pioneered
by Witteborn and Fairbank in their measurenient of the gravitationa foree on the
electront I this approach the partides are Lamched verticadlv upoadrift tube, The
TOF of the particle up the tube together with the putial velocity prves aoneasure of
the gravitationas! foree acting on the particle. For such a vertical Lunel and i hixed
drift Jength. £, where the detector i« moncted there will exist & oritiGd iatial e
locity such that the particle arrives ot the detectar waith zera velocineg, For all ital
velocities lower than the eriticad one the particle <imply does not inc epongle il
kinetic energy o geach the detector, Thas there wall exist o earofl vime in the TOFR
speciium (!, v 20 g1 o our expermient we will be deahing wath acone dinensiona
Manwell Boltsnanm disteibution of velocities, To neasure the gravitational eflecr an
antiprotons, the imtial velocity and henee the kinetic energy distribiution hi to be Tow
enongh in averape value <o that the recalting TOEF spectrum has suthewent paatieles
new the cutofl time for a spnihcant measarement. The energy requined is more con
venienthy measured ju degrees helvin ratber thian the maore fanhie MeV oo kel T
scale for these energies and how they pelate 1o the phivacsand experitnental eqoprem
used at other energies 1o displaved in Figo 1 The thenmometer chown in the figme 1.

calibrated in electron volts down e left haod <ide wairh the cortesponding temperatune
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Figure 10 The antiproton thermuometer shown is calibraved in electran volts down the
left hand vde and in degrees helvin down the vighn and <ide,

in degrees Kelvin on the right. The pliveios of interest s seherpaticallv indicated on
the richt hand side whereas on the Jeft o the exporientad equipien used (< listed, The
reabin of Ligh energy phivsies is cotewhat arbipards indiegted to start an 1ot hoopa't
eV and extend upward without Limit thra 10" K (3077 eVio The SIS for instiner
operates &t - 27 0 (0 K (20 0 107 eV Narmad LEAR operations <pan he tom
peratures hetween 1.0 - ' Ak 10 K LD GeVv o o Mev L Onthe upper end
of this vimpe she AA experiinent rans with all the step experiments ar the lower end
A shown in the figure, antiproton temperatures in the range of 110 R are reqiiped
for the ganiny expernment. In order to achoeve this antiptoton Yempeaatare we are
designing an BIQ decelerator and jon trap syaem, We are adeo coteidh ning ngng i
foil degrivter sand plan ceare of thic coneept soon. Sudh i svstem will exvend the nor
mal LI AR operating temperatures by ten orders of waguitnde, Suc ann extension of
antiproton temperatures opens very exciting possibilities inatomic phivsios, condensed
matter, chemistey and solid st e,

The everall soctenn we aoe planning i~ displined sehematioanlls m Pl 20 The
experiental sequence startswinh the extraction of i 2 VN bhandhed bean frop LE AR
At presemt, hewn ot LEAR i availabde at 0N eN with poor einittazne e, However duriag
the ACOL shatdown, LEAR will be apgraded vo provided the 2 NeN Liet varracted
beam with goad etittanee that i reguited v oug expernuent. Fhe bunehed bean
in LEEAH Las i maerotioee stincture ser bnthe ~th beormonie bancher adveady a1l
LEAKR ving. A cingde pioase huckhet of thic bunched hean i fast extpacted from LEAK
and debvered 1o the entrance of oar expeniientas beann hie, A mierot e stractare
mutched to the operating fregquenoy of the BEQ deeelerinon will adaa be gnposed o the
marroburst. This noero<tractare Gur be ttaposed edher s or exteral ro the 1LE AR

ring. Bandhing m LF AR wadees the most otbcnent use of saiprotans, whetee hundang
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Figure 20 Overall <vatem for the low energy beam line regaired by the antiproton
gravitv experinent.

externallv will have higher loss rates, In the figee an external bunching section i~
shown. Inany event, thus bunched heam at 2 MoV s decelerated inan KEQ currenth
under design at Los Alamos! ta 20 kel 0 With o suaitablbe hending magnet in the bhean
Line the 20 ko haan can be made available to our experiment or to others. himmediately
following the REQ as the first stage of pulsed won traps thio will be used to capture,
care, and cool the antiprotons, The first stage carching trap is shown in sehenatic
cross section in Figo 30 This deviee i~ evlindricallv svimmetric abour the horizontal
axis and is designed wong the lines of a Penning trap.” The multiring configuration
provides a harmonic potential aleng the horizontal axis centered at the electiode with
the circulia cross section when the electrodes symmetric about this one are at spedalls
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Fipnre 30 Sdiemadic eros section of the firct ctiape catehinge trap The deviee isag
pathally syvoonetric abont the horzontad axi,



matched potentials. The endeap electrodes ar the far encds of the inultinne arrasy Lo
sthall -+ 0.0 e diaunetern) apertures in them to allow the hean, barst ta anter or oxar,
A maenetie field adone the Lorizonnal axis generated e the <olenoid shownin the dpaee
provides the raddial confinernent of the burst. Inticdy 1he baan bhurst emerging fron
the RFQ i~ 50 e in length and enters the catching trap from the left i the figure At
this time the entrance endeap eleetrods is at 15 kV <o that the burst is decelerated 1o 7
M\ ac it enters this elongited clectrode, This reculrsin a 2% e banst length ar 5 ke VY
propagating inside this long ele-trode. When the entire burst is inside, the potentiad
on this electrode is quicklv (- 25 ne) brought ta ground before the burst starts 10
propagate inside the multiring amvav. The down streian endeap eleetrode i maint ained
at -« A K\ w0 that the bura decelerates inside the trap and eventually turns around.
Befure the burst can propagate more than half way back. the patential on the entrance
endeap electrode is brought up 1o o S KV Thas the bhara cannot leave the wav 1t
entered and i« therefore canght. Initial resting of o Lalf scale version of the muliringe
trap has demonstrated the promise of this approach.” W hile in this trap the antiprotons
will b cooled 1o 10 K eV using resistive, stochastic, ar electrany cooling. The suecess
of the Genoa and Pisa groups with sto hastic cooling i1 traps seggests that this oprion
will he used.” When this i~ accomplished. the particles will transferred to a high'y
compensiated harmponic trip located near the base of the vertead drift tube for furrhier
resistive cooline. In this intermediate trap the particles will be conled 1o - 5 10 R and
stored in preparation for transfer. 100 it a time. into the final lannching trap. Once the
Lomching trap is loaded, the potential will be saddeniv diopped, thus releasing hait of
the pacticles apwird in the drift tube, The TOL - paeasared using & microchanne! plate
at the top of the duft tube. The vertical ion triap drift tube svstem st operate at
extremnely low prescure- (10 HoTor= o to avaie lose ol antiprotons through annililation
with residual gas atoms. Consequent v thie sastens will be ervogonic, opetating at liguad
Helivn temperaturesc 4 h).

The calibration standayd for our measurement of the gravitationa sceeleracjon
of the antiproton will be the H o don This stable on his the same charpe, magnetn
moment, and aliost the <ame inertial mass owithin 00y ac the antiprotor, H e
will he injected into o ben line av 20 ke VY ousine weion sonree upstreann of the hikO
(Fig. 2). The KFQ will it be energized during H o injection. Lhis configmation
wllows us to exercice the svestens independent of LEAR hewn operations. To measane
the gravitational aceeleration of antiprotons relative e the Hojon will reguire the
Lounc hing of a totad o 100 1o 107 particles for a1 measurement. There will e 08
paaticdes in eich St hanmonic mawrobe b frone LEAR D This s cuthaient fon one TOF
spectrum with some -afery marging. Nany TOE speapa will e requinred to e
reprodudibilite. Lach antiproton rape will be followed baaome with 10 gons

The measurement of the gravitational mass of the antiproton is i fundianental
wieasureraent that has not vet heen petformed, No comvinemnyg theoretzeal scemme i
hue been made 1o aaticipate the result. Fhi- onportaat measamement will tes ohe
Feapuvadence Principle for mate o and antimatter and provide i powertul copstrame on
modern attempts to unify pravits with the ather forces of natie

ANTIPROTONS IN ATOMIC AND CONDENSED MAT TER PHYSICS

Ornginally our interest inantiprotons was solely divected ot executing the prasam



experiment. However. to accomplishi this we will develop in essence a thermial ~care
of antipratons aking these particles avadlable at energies of interest to atonae ane
condensed matter phivsics for the firse times This is thasreated i Fieo 1 whers t
energy regine and applicable phvsics age listed aong with the oxperimental cquapiney
requived. Charged particle probes hine provided innportant o fonation onomitter 1
the condensed state. The arcenal of probes eruploved ap to now incndes charged jons.
electrons, positrons, and mons. Antiprotons offer a unique new probe of matter in the
condensed stare.

Antiprotons are. in essence. itrinsically stable, negatively chiarcedd pictioles v
a hadronic mass. Unlihe electrons. their dynandes in normad tatter o< nor deoe
by the Pauli exclusion principl . For this iad other reasons thie photor en~sjone
oociated with the downward cascade of thermad antiprotons from high Bydbarpy s
contain new inforation about the electronie environment of the nudieus, compared 1o
analogous Kydberg transitions involving a leptonic mees.

The intrinsic stability of the antiproton makes it idead for the <tudy of new <1alil
itv mechanisins in condensed matter. Dvnamic stabilits, wherein particles are held in &
steadhy state (an eacited state) for long times by virtne of comipensating instabilities. is
particulariv interesting. The principle of dvnamic <tabilioy i< ilusrared by the fanilio
alternating gradient <suchrotron. but it is not lisnited ro such miacras opic application
The existence of Jocadized states of dynamic stalality for antiprotons is currentlv oan
open question. Sinple arguments based on eleetrostanies and viriationad principles
that imply the abrsenee of stable antiproton groand <statesan condensed matter are e
vaid when excited <tates are inolved. A possible esicnple of nonladadized dynanis
stabihty i~ channeling. whereby an antiproton in i certain enerpy range trinels along
a particular ervstidlograplic axic without anmhitatio,

. Unlike potentiad applications of antiprotons in the helds of atomic wand naclco
phyvsics, the perspectives in condensed yidter phivsies are <tll gquite open. This is doe
to the novelty of conceivable applications: an extensive previous literature fron, winel,
todraw i~ not avidlable, Nevertheless four -pecific comdensed matter environments ¢,
be identified as possessng anique features that might lead to significant pavolls.

The capertluid <tate of hiquid THe is retmagkible mcits displin of accolierent quae
tum state over macroscopic distances, When disturbed by houndiries and impurites
thiv quantmn stite recovers over a very short distance, approvimately the <ize of -t
imteratomice spacing. Nuelvis known about the helivior of o viniety of mpuarity rones
incuperfluid helinne Exinination of the behavior of goimpanities ofler the pos<ibiliny
of new insighte . Unlike free electrons, which creane stpall bubbles e the Tiguod due o
their zero point motion and the Paulr exclusion prineiple, 35 shonld e mane Bike thee
protons amd ercate high density elusters of "He atonas aronnd theniselhves by dlectyoston
tive attraction. The subcequent anmihilidion of the g chould be preceeded by pliotorn
cmission containing iformation abom s ipnpnediate peighborhood. saperflupd helione
is essentiallv transparent to aovery wide spectinm of vadiation and can be cooled 1
atemperature where te own exevations are effectively abent I fact, approxinmat o
11 of the cuperfuid helivn atoms are ina Bose condensed stide of zero momentinm
These features ensure the preatest posaible advantape i obeervine. with high proa
ston. the potransition and decay productson cendensed it ter becanse of an extrenn

stall enerpy spread i these products doe to center of e~ doppler bnoademne e



also possible that the p would never see the condensed <tate of 'He, esprecially o 1l
electrostrictive custer formation time is rapid in cotnparson to 7o annihilation tine. I
any case, the thermuind center of mias< maotion would probably he the sonallest adnevidl
i any context,

Foisrenmpting 1o speculate that the macroscopic quantune coherence of the super
Auid ~tare. inchulding the delocalizanion of the fraction of the "He 11 the Bose condeniec
state, mav give rise to truly drmnatic effecrs i the hehavior of the . such as coords
nated annihilation. stable states. ete. Whether such effecrs exist i- not known, bt the
seem undikely in view of the Jarge diserepancies in the size of the antiproton impurin
comipared witl the colierence length of the cuperfluid <state and in view of the coulomnb
energy available n the po YHe atam cannpared to the energy associated with the loss of
superfluidity over a comparable volume, Nevertheloss prodence would reconunend ar,
open mind  rurprises have ocenrred hefore in condensed matter phivsices,

The liguid surface of superfluid A He also ofers a unique environment for p studne
because it i~ microscopically smooth, i equilibrian withs a vapor of eflectively zerc
density (at low temuperatures). and can be chiarged with ions either above or helow
the surface. I particular. electrons on the vapor side can be held against the heliun,
surface by applvine an electric field: thiey do not penetrate the carfiace hecanse of the
relatively hLigh energy required to make the hubble state mentioned earher. Bedaus
this elecironic surface charge density can be substantiad and can be exdred i varions
plasma odes. the possibility existe of finding electron postares that are hound to the
surface but have negligible podensity at the curface, Inoefleer the powould he trappee
between the external electrie hield and the electrome surfiace charge, whieh in tur i
repelled from the surface v the Pauli principle. As mentioned i the general remiaok-
above, such trapping would have ta occur inan exeited state.

Manv of the fearmres of quantum cohierence apply to both cupercondactors and
supertlind=: a superconductor is essentiallv a charged cuperfluid in a <olid. neutralizing
bachground. Flectric ind magnetis fields are shielded guite effectively in supercondu
tors over distances commparabile 1o the penetration deprth: a length seale present only i,
charged superfluids and tvpically having a magnitude of tnany lattiee spacings. ‘] hus.
one cannot expect hnown superconductors to shield and <tahilize i o any obvions
wav on an atomic seale, hut what wdl happen is nat clear either. The origin of the effe
tive electron attraction. which gives rise to superconductivity, s i subtle and delicate
interplav between electranie and lattice praperties botl of which are disturhed by a p
A best guecs pow is that the inthience of a0 pivapuarinn min be too Jocalized to praobe
superconductivity, althougl it conbd give infortaation on other electronic stroceture,

A pois atiracted ta positive chivge. o the presence of an effective sonree of
pusitive cluapes other than protons one could expeer jotrapping, Inomany respecis,
especialy involving dvigonics and transport. the absence of electrans mea bulk medinn,
i equivalent to positive charge. Thes “positne” chavee can be either delocalized e
holes in o comduction haed or locidized asionie lattice vacancies and certain ervstid
mperfections. OF conpse. such preado positive charge cannet violate the lawes of el
trostatics . and the carlier remighs on the absence of ground stane stability il hold
Nevertheless the existence of locidized excited states of the pohale system are possabib
in principle. and the model could serve o a fraitfal parvadign.

A charged piotidle wtoan interstitial posimtion ar i vidanoy position i ane tonn



crvstal can be localized at a point where the local electric fields cancell el a position
that is furce frec hut nevertheless unstable. The possibility of ~tabilizing this positio:
by imposing a tnoe varvinge oxternal electrie Lield whoels eflcerivels creates anatiractiv,
local potential wello rdlinive 1o the unstable dinecnon-othen exist0 The strength iand
frequency of this held iy e tunable to favor pactionlio <ites and ta avond combination-
that would wnduly disrupyr the underlying ervetal structire. A wide variety of erveral
tvpes and laser sources are available to explore this pos-ibiliny,

Firallv. the possibility of forming localized, stable orbirs which encomnpiss one o
more lattice sjtes should not be overlooked. This conld Le envisioned as i mieroscopic,
quantum analog of a storage ring.  Again. extensive hnowledae from the science o
crvstal structure i~ available to ard in the search for the aptinn environment.

SUMAMARY

A thermal source of antiprotons is currently heing developed for the antiproton
gravity experitnent at LEAR. Thiv source will make antiprotons available at energies
of iterest 10 atomic and condensed matter physies. Charged piagticles Liave heen used
as a probe in these fields for manv vears. Antipraons offer minv unigne properties
a~ a probe of normal matter. Moreover, there may exist dvianicadlv stable stares of
antiprotons in a matriy of normal matter under special conditions, Phyvaes with bottled
antiproton=. whether in the bottle or out has many new avennes of resciach that are

as ver unexplored.
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