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A PROPOSAL TO STUDY THE IONIZATION OF CHIRAL MOLECULES
BY SPIN-POLARIZED POSITRONS HAVING KINETIC ENERGIES
BELOW THE POSITRON FORMATION THRESHOLD

Lester D. Hulett, Jr.!, Yoshiko Itoh?, Jun Xu'
S. A. McLuckey', T. A. Lewis®

INTRODUCTION

There have been theoretical speculations that differences will be observed in the
ionization rates of levo and dextero stereoisomers by spin-polarized positrons
and electrons. In the case of positron interactions, ionization by the formation
of positronium has been considered. In this proposal we suggest that ionization
by positrons of sub-positronium energy be considered. The term, “sub-
positronium energy” has been coined to denote conditions in which the kinetic
energy of the positrons interacting with molecules is below the positronium
formation threshold. Positronium formation conditions can be understood in
terms of a Bomn-Haber diagram, such as follows:

M + IP - M + e

et + e —> Ps + 68eV
M + e + (IP-68)eV —» M' + Ps

Where M and /P respectively denote a molecule and its ionization potential, Ps
is the symbol for positronium. Since the formation of positronium is exothermic,
liberating 6.8 eV of energy, the kinetic energy threshold required for the
bombarding positron to eject an electron from the molecule and combine with it
is lowered by this amount. For many organic molecules the ionization potential
is in the range of 9-10 eV. The minimum Kkinetic energy required for ionization
by positronium formation is 2-3 eV.

It has been found experimentally that ionization still occurs when the positron
energies are below the positronium formation threshold. It is apparent that the
ionization mechanisms above and below the positronium formation threshold are
totally different. It has also been observed that positronium formation
ionizationfragmentation thresholds parallel very closely those of
photoionization. This suggests that the extraction of the electron is effected
primarily by the field of the incoming positron, and that the positron does not
interact intimately with the target molecule. The 6.8 eV liberated by Ps formation
supplies the extra energy needed when the kinetic energy of the positron is too
low to eject the bound electron by collision. After the bound electron is removed
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from the molecule it Is not annihilated until it is transported to a site far removed
from the molecule. There is no interaction of the two gamma photons with the
ionized molecule.

When sub-positronium ionization occurs the energy deficit for removing the
electron is deducted from that released (1.02 MeV) by the annihilation process.
That is, the photons are reduced in energy by a few eV, which is transferred to
the resulting ion. The annihilation must necessarily occur in the immediate
vicinity of the molecule.

Thus it appears that sub-positronium ionization involves a more intimate contact
of the positron and the molecule. There has been suggestions that the positron
is attached to the molecule for a short period of time. We would therefore expect
chiral effects to be manifested more strongly for sub-positronium ionization. This
proposal discusses a possible experiment by which this premise can be
investigated.

Sub-Positronium lonization Results with NON-Polarized Positrons
Possible Extension to Chiral Molecules Interacting with Spin Polarized
Positrons

Mass spectra have been recorded of the ions produced by positronium and sub-
positronium ionization processes. Highest cross sections for sub-positronium
ionization have been recorded for molecules having 9-10 atoms or more .
Fragmentation at sigma bond sites was always observed. Figure 1 shows yields
of molecular ion and fragment ion for butylbenzene as a function of positron
energy. Note that the molecular ion production drops rapidly to a low level for
energies below the positronium formation threshold. The fragment ion is
produced by splitting off a propyl free radical, leaving CeHsCH," . Other
molecules produced multiple fragment ions, but butylbenzene produced only
one; charged propyl ions have never been observed, either below or above the
positronium formation threshold.

Sub-positronium ionization has been observed for many other molecules, such
as decane, duodecane, duodecene, duodecadiene, tetraethylsilane, and
tetravinylisilane. In all cases, fragmentation at sigma bonds was observed. The
cross section for sub-positronium ionization was always observed to increase
with decreasing positron energies. There is reason to believe that sub-
positronium ionization occurs for all molecules and atoms, but mass spectra for
molecules smaller than decane have not as yet been definitively measured
above background. Improvements in mass spectroscopy methods are underway
to remove this shortcoming.

Figure 2 shows butylbenzene and a possible variant, 2-phenyl butane, for which
the 2-carbon of the butyl group is asymmetric. Since butylbenzene shows an



easily-measurable sub-positronium ionization behavior, perhaps a study of the
stereoisomers of 2-phenyl butane will also be practical. Also shown in Figure 2
are the symmetric molecule, tetraethylsilane and a stereoisometric silane with
the groups, ethyl, methyl, propyl, and vinyl attached. There are, of course,
many additional chiral compounds which may be studied. The two molecules
presented in Figure 2 were chosen to illustrate the strategy behind this proposal:
we will choose chiral molecules that we think will have large sub-positronium
ionization cross sections, and for which differences in cross sections may be
reliably measured.

In the chiral molecule experiment two measurements will be compared. (1)
relative cross sections, (2) ion fragment distributions.

THE EXPERIMENTAL APPROACH

The spectrometry method that will be designed for this study will be a variant of
the special mass spectrometry technique used in past measurements. This
method will use a Penning trap to capture positrons and force them to undergo
very large collision paths with the molecules under study. The ions masses will
be measured using the quadratic potential time-of-flight spectrometry method,
which allows the use of a long source region.

Figure 3 schematically illustrates the method that will be used. Vapors of the
chiral compounds, adjusted to pressures of about 5 x 10™ torr will be introduced
to a 2-meter Penning trap. The potential of the entrance grid of the trap will be
about 1.0 volt. The incoming positrons will have kinetic energies adjusted
slightly higher than 1.0 eV, e.g., ~1.1 eV, so that they will be able to surmount
the barrier of the entrance grid and enter the trap. During the course of travel of
the positrons to the rear grid and back to the entrance grid, there will be a high
probability that they will have undergone at least one collision that will decrease
their longitudinal momentum to a level that will not allow them to surmount the
potential of the entrance grid and escape the trap. A magnetic field of about 1
kilogauss will be applied longitudinally to the Penning trap to prevent lateral
escape of the positrons. About every millisecond the ions in the Penning trap
will be pulsed out by applying a quadratic potential pulse to the lenses and
measuring their times of flight. During the millisecond interval the positrons in
the Penning trap will have traveled distances of the order of 500 meters.

This method makes efficient use of positrons by forcing them to undergo very
long collision paths with the target molecules. The quadratic potential
acceleration imposes Hooke’s law forces on the ions. They move with pendulum
motion, for which the half-periods required to reach the detector are all the
same, independent of their initial positions in the Penning trap.



It is expected that ion fragment distributions produced by initial ionizations by the
positrons will be obscured by charge exchange processes. The high pressure of
the Penning trap, 5 x 10™ torr, will result in very high collision rates of the ions
with neutral molecules. Charge will be conserved in the collisions, however, and
the measurements should give accurate measurements of the ionization cross
sections. It may be possible to make meaningful measurements of the ion
fragment distributions at successively lower pressure, and to extrapolate to the
fragment distributions produced at pressures for which no charge exchange

OCCuUrs.
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AP hu=y LA EER
HRKYE BT IRRE & — (HERD

1 [FLEHIC

BEFOACARBEEERRICT AL (R ha= U AR VEEE] $WVWHF—TU—FK
EFHLETZLIIHELRVA, BARIZIZZNRZITo TWAARBRY, £2 T2 = Ci3Mss
SN ER-TCNWEELLZ LT3, RPra=U ARV EMER I 24 =T AR Y
VEHEE D TERX DI LIZTH, IaF=Us Mu) RIEI2Fy (REV/2) NE
F—D LA LEAFEFFTHY, RV bu=ub (Ps) PVBEFLEF—OOESL
AR FTHHOLBOTRLILITVWDS, MEOEVNT (K 1 BM], (1)

1. LAVt BETFOBROECOHET I atd=y AOFREND

2. HAEERE (Mu: ~1,Ps: 1/2) OBVOZHIZ, 2ED AR —Y v JRFORERT
Ps DT /LF—HEAMHN, (K1)

3. BEKM=RA¥—i3 Mu/Ps 123 L TREBDOR & & & NERE CRIBLL, =X
XF— 2 BB EEE CRIBILT D LRIL L YRR TERTZ LK B M, Ps iZo
WTHBETF L EFORKE— AV FMTHHLA>TLE I HIC, RIE| 1) &
|3) MR LTWD (X2),

x®1 . Basic properties of positronium, muonium, and hydrogen.
prope ,
Property Positronium Muonium Hydrogen
Mass 2m, m, + m, = 207.8 m, m, + m, = 1837.6 m,
Reduced mass m,/2 0.9952 m, 0.9994 m,
Spin 0,1 0,1 0,1
Bohr radius (nm) 0.105 0.05317 0.052 94
Ionization energy (eV) 6.77 13.549 13.595
de Broglie wavelength (300 K) (nm) 5.428 0.2979 0.1004
Thermal velocity (300 K) (m/s) 6.7 x 10* 0.75 x 10* 0.25 x 10*
Hyperfine frequency (MHz) 203 400 4463.3 14204
] -
&1 H=p'e” Mu = p'e Ps =e'e”
2 74
- Fe2
me}—c"‘: :_z, 2P, ‘rq: Fat
10969 0922
F=1
25, . o 59 25,
VE ¥ os7 % "? Fat . mz___sf.___-_‘l_d: F=1
¥y 2P, F=o L 2P, F=0
0.2 0.5 ov U 3
(121.3 ) (122.1 nm) Fel Fu2
2s ss2s P 3.2re
fE Fo B O
* Y F=0
10 ne. 27
Saev
{243 )
Fe1  M2ne 3y
Foi 1S, 15
Sva— 420 ve 4483 203400
F=0 ’

Fe=0 0.125 na. 2;
FIG. 1. Energy levels of muonium and positronium compared to those of the hydrogen atom. The energies for

the fine and hyperfine structures are in MHz. For positronium, the lifetimes and annihilation modes, or the lifetime
of Lyman-a emission, are given in parentheses.



Mu DA B OBBP TOEBIpSR (L2t A VEHR) BEOMuSR (a4
= AR U[EHE) TRLSHEMENTEY, ZOACOBEREORE It SRET? L &
W ENBEEFOH T A HFMERET D Z Lok > THEEN - REMICRD Z L5
%5, MuSRIZBEBIT A OFEIILTO LS ICHEII TV,

1.

A ARB LT pt BEFERHE L TMulZ2b L, 1) & tl) D2 20X AR
(2722 (Mt AE U &, 1, [IZEFREERT),

Itl) IFEAEREBTRONOT, ERRGESNIEAFREOMZEET D (K20

e & vag). FTOBBOEMIZ 0215 ns THD, ZOBBILENRHBOMESAZRE

VDT, BRlEND Z EidR, RN EZ OSBRIz A AR L
TWA2D LS IR,

1) IXEFRETHE DT, ¥ ok UOHBED TIIRETA U MR LRV,

BRSSP TIX M X T — 7 F BN ZT 5 (2 Dy L DBBISHINT D) .
ZOEHEOEEIL, Mu @ gyromagnetictt (v = —1.394 MHz/G) 2L ->T,
U = (")’M/2TI')B c‘:iénZDo

Mu DAY EHRDOF 2K 3157, THUIERARICut 2 AR SEZH50THY, &
WEREA  (triplet) Mu DA VEEE, Wo< D LAEBRER utE i MuX OO K
2a2F VDA CERETHD, I OHOEBROIRIES S Mu PR X =4 L DOFREE
BEMY . FNHOBFND Mu ORIGEE 2R ENEENXHINRS,

E/hllo E/hV°
A
H and Mu 2.0

A

)
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2.0
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4>
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FIG. 2. Breit—Rabi diagram of H, Mu, and Ps. The energy levels of H, Mu, and Ps are described by common
equations when the magnetic field is normalized to the internal magnetic field as x = B/B,, and the energy

normalized to the hyperfine coupling energy as E/hv,. This results in very similar diagrams for H and Mu. For
Ps, the levels {1) and {3) are degenerate at any magnetic field intensity as a result of a cancellation of the
magnetic moments of positron and electron. B, = 505 G for H, 1585 G for Mu, and 36 245 G for Ps. v, =
1420 MHz for H, 4463 MHz for Mu, and 203 400 MHz for Ps.
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BB T utp ZHlAUETS.

2 RO +FOZDLRE VERRORE

R POy AOACVERELFEMICRFA L L THH, a4 LBEFORKE—
AV FOBNDTDITEBE BB RIS, BICEERZ &L J2F=Y AOEHETH
oAV ORMBETHININABETFOH T 2MEut AV OmE 2L Tk,
BETHETIZEDO L 5 2 ERBIENE, ZORDAY b=y AR VERRIZEND
TEEREIND LMD 5723, Baryshevsky A3 19734EIZ o-Ps O H I T 3 X+
B A RERRE T2 Z L ERRL 2] HOIX 1989FICAC U EE~ ) 2 2EHNT
o-Ps DAY BB ZARX (3], FFIZRODEBRERERE L[4, ZHIFEO
FEZL->THBRIN, EIROE LW LSRRI 5], Aifilcd~7z Mu R &M@
BRI OV T ORRZWH T Ps AL VEMRIZHEXETLUTOX S5,

. AU Lz et BB FLMREA LTPsIZRD E, 1) &fl) D2 2oDAE L REE
2725 (Mxet A&, 1, LIZEFALVETT),

2. nl) REBFRETR2VWOT, TSI NIBHIREBOME2EBTS (X200
Va&vag) e TOBBORYIL ~1 ps AT TH D, ZOBBITRRHIZOERH 5 AFRE X
ébﬁwwvﬁMéhbcam&<\ﬁﬁﬁhﬁuxﬁyﬁﬁbrwémoxin

HEh3,

3. ) XEARELRO T, Yok UWRBEP TIILETAY EEE LRV,

4. BEEBPTIINM) X7 —E7 FZEEBE T D (K2 D Ly DBBIZHIGT B)
ZDEHROEEIL. Ps @ Bohr ABMK (= 1AW (V1 + 22 — 1) = 38.46H% MHz,
H OB{LIX kG) 2> TEHET 5, (Ps IZBETF L EFORIRE— AL FNMTH
HLE S OTRIBMED—RIZHH] L7z Lamor FZEHENL L22VY)



CDAEUEHEOFRER L LT, oPs O 3INFHEBEOERE Wrimf) 12X
o= (1 + chsinQit)e ™ (1)

D X ) (ZREREET %, T2 Ty, 1do-Ps DEGOMEBEE. L ITEBORETH 5,
BREORIE W IZACVEBE~ ) 7 AZBEIIR 22> TR BNE 3], o-Ps ©
3WT-HBRE 2n/3 ODAEIZAE LT STEOBRHEHIZ L » TRIHT BB A2\ T,

h =025 P | sinf sina sin2( | (2)

L72B, TZTPIXoPs ORD et DAL U RIBETH D, Zhd b, BROFIBLZHE
BItHR 2 DiX, BB E AL ORTAINT/2. 3 OORHBOEAEBOR X LT A
BAn/4, LD azimuthal AEadin/2 DRFTH D, 0037/2 ThRiTUER LRV &
MuSR OBELF U THDN, f=7/4 &0 FEFTEBANZOIDIZ W,

FUZ & THDA, BHBE 1 SFETHAWVT IR TFEBOFEMERE LI-BEIZI

h =0.231 P | sinf sin2(3; sina | (3)

EROHENTNWDE, ZZThEaRZWEBOME, xBZBBEFAL L DOmME & LT
BB DD TORBERD polar A, azimuthal B TH B, Kb RKEVIRBLZERTS7-HIC
BHHSRZ LD X 5 IBIZBL REDIE, ZOXNHBEHTH S,

o-Ps OHBOA SR OREHKTEE R K 4 1577 (3], t=0 THH K E NS5, Bohr
JEEE D 1 /4 BAIZIZIX bEO X DIZOTAESZMIZ/2Y, 3/4BAMEIZIX c oL H iz
OTHOENREDLD, ZZTHXERD 7 OFmMCREBEE L. Vo <fiitaeE
OEFESBAEND Z Licid, ZhEREEMITR LI BORR S T, B2 T2V
A (A) i 142ns OIBEHBEHH THEBE LTV EITTH S, 0.50kG OBREMIT S &
B,C O X5 IZIREIN RGNS, B & COEWE, BRHBOE MBI X 59N AADEW
T, RHBONMBIZL > TREIORA X FRRLBZEE2RLTWS, BEMEY 0.5kG &
INELFTBE D DOLITHMINEL 2B,

@ 4 The angular distribution of the orthopositronium annihilation quanta in a weak magnetic field at the time =0 (a), t=T/4 (b),
and 1=3T /4 (c): T is the oscillation period, a is the vector directed 10 the center of the detector registering the decay of y-quanta.



5 .. Theoretically estimated cross section (arbitrary units) of
the Ps 3y-decay registration with one detector as a function of
time in the absence of magnetic field (A); in the magnetic field
H=0.59 kG at a different arrangement of the detectors (B), (C):
and in the field H=0.5 kG (D). To present the oscillations in @
form easy to grasp, they are given with the maximum amplitude
possible in such an experiment.
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3.1 Baryshevsky 1989

Baryshevsky ©13SiO 8T % 5 x 1072Pa ®EZEIZ L, 105Bq ®*¥Na ZVVTRT |k
R LAEARIEZ, WEPLOBET (v/clZ X 2REEIL P=0.65) © 5Lk
TDES DB E—H > MIAB L IR TWBEDT, EHRBHETL P~0.3 BETH
%, FEMBIEIL3 DD Nal(Tl) o FL—FIZL>TiTbit (— ORI 1.28 MeV
DARZ— MEEERH L, st LTEINE 2 OB MEERICHEES SN TR by
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@ 6 The time distributions obtained by subtraction of the distribution A from the spectra B (a). C (b). and D (¢). The éolid curve
shows the theoretically estimated time distribution.

BoN=FEMARY P
Nit)=Ae {1 + hsin@2x/T + ¢)}+F (4)

W74y b &R, ZZTT =27/, ¢ XA THS, 7 iXoPs DFEMT, ZZT
ITEERAIIZ 132 £ 4 ns TH D, BEEEZNITIRVEEDARY MVBIEBI 2RI 200G,
BENTIEEEORRY AL LREEZ NI RWEFD AT MLEZE LI EIREBIDIEZ B



D3 LR TED, H6ICEDRBRELTRT, A EHEETER» O THILE->
T35, R b I2OWT OO O TR IRORMER2AEE LEME LT 0.04 T
HBHM, EBREIL ~0.03 TRRNE, FOHM L L THRyBRBEAHEH X > THRIRE
N3z &, BBOFRY—tE, #—4y NPTORY bu=v AORBEDIKRTELIT N
TW3,

3.2 Fan 1995

Fan et ol. OFEBAERNIZFR L THS, BFREL LT 1uCi D2 Na % Lucite DHEIZ
fHEF &8, 2O LEIZ100um DEEDTFRAF v 7 o FL—F 2BV T, ZD LIV
A7 zaFNEEBNT, 1 x100"mBar THR LT, BEFIXT 7R F v I FL—7F
P@BLTRY— MEREE X, BIORHEENa(T) v FL—F TRy FEEEZEX
%5 (Btyik), BEBIXERE 1A F D NdFeB TIEGITC,

B Iz 545+ 28 Gauss TORERLTT, ERNET—F, AN Zhd b s iR
FELBVERSTH D, ZOFEEENS h=0028+£0.001, 1/T =13.0+0.2 MHz &K
bois, BRI TFRITCIE h =004, 1/T =11.6+1.2 MHz TH 5, iU Beryshevsky
HORIOFER LR URE T, FioH LWERIIR SR o7,
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Fig. 3 Raw Data of Ps Decay Spectrum Fig. 4. Difference Spectrum of
in Field of 545+28Gauss Raw Data and Fitted Exponential
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AL b=y AR EERTERICEBVBRTH S0, FOKEIIOK([3) THRH L
RLENRTWA LD THB, EBMICHIRIBMIATRL Y b/hanZ & 2Tz
A FHREPHRRELTWS, ZOBRKEHAWEICHNREERTHAI0? —oOn etk
WIRIVA—FIESZ L THHN, BEPETFE—LDOR—F Y A—FIHESIZIIE
HOTRPVLETHD, BEFOAC U PEUBICERERZREBTHA L THEHRLR2VWD
T, [BETCARSED LR o= U b2 BRTHETIBETOAL VEEESEZ Y R
Vhn=y AOPIBNIEN It —L 2 FTRRD DS, F—5y MEATTRT RV —
WZE L TReBNENH S,



FOATAY =7 (HENIF2Na LV DLV FHOBEB T RN —THDZ L NE
FLV) DOOBEFEZOEEANDIHETRY Fa=y ARV VEEZITV., (24
ZU AR VAR TIIHREFBR Lo TWB L DIZ) RY hu=v b b ARG ED{LE
BIGERAND X 52 LigtikenTéh A 5 5> ? Beryshevsky HARANZRY ha=r A
A v U EREE EIE LR [3) DT, 20X RERETH I LETEL TN, E72
FENREINTORNE I THD, JaFd =V AR/ ERERERIICEESN - HH)
HA L DEIGOEBREREDER EINZDIZHARD &, BV ba=y AOBHITOE I
FEHIGED DOIH LIV,
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Abstract

Positive muon and muonium atom serve as pseudo-isotopes of proton and
hydrogen, providing very sensitive probes to study the electronic structure and
dynamics of hydrogen isotopes in the material where the hydrogen plays an
essential role in determining its property. A recent study. an muonium centers
in crystalline semiconductors is reviewed as an example of such systems. We
have found that the muonium center at the tetrahedral interstitial site (Mur)
is rapidly converted into bond center muonium (Mupc) with supervening fast
spin relaxation under illumination at lower temperatures, evidensing that the
bond center site is the ground sta.te for the muonium while Murt is a metastable
center. ‘

pSR ¥ (Muon Spin Rotation, Relaxation, Resonance [1]) &IiX R ¥ ‘/ﬁﬁbf:
Taty (pt) LR EDRBIEEER %8 L THROWHE LR T2 FRTH A,
HRBATO—-T L LTOIadt Y IRHTRBIA T S MEIRL, $7/2107°~ 104
8 Vo2 — s RBMNEROWLELRIENHRL LW IBRER-THY,
ChEHNNLNBRERS THRAABLPETFHEL L v oo Tu—7 L L b
S0, BEEEOHRIZLL TRELLEVWHEETH S, '

kz 6Th®&k\11/%wb@67ﬂ—7(—ﬁﬁ)tbfﬂfﬂekuﬁ
StEFOFERRY L EISEVONBRTH), TOBRALLRALL LG LEE
Ledoleat VEWRPEATHIUSR ERLT LOBEAN L T u—T L IE
WK ZWEHERoTWE (FRIEEAESREI 2t VD site DIIE). —F, WR
DR RAHWH L VIIHETE L LTOXEN oW EEL ML R-LT
VAL LRI OTHEET S, COHBE, IatvBvidiat=y s (Mu
AXRFORFEIaACRERILLD) BBFHIVIIAEOBHIET 4
V-7 ERBTENHRIOT, F0 L5 WRIPTCHDIaF Y/ Iad=9 A0
RBEDLDEHRT A LICL o TR (BFANBRATHOMY LKE) i2on
TOFMLBRONBLBLHIMURLE, KEDTAVI—T LI ATRAV b
SOLLEND—DOLRMLAAY, 324 =" A Bohr 812 0.5317364 L #Y b
=9 AL DiXIZBPICKRDER (0.5294654) iV, EDLDPR & HRBMA
BEERRBLTIZIaA =9 ARKRLIZEALYASTHY, FOWRPTHORTE
BREDETIAKREPLOEFNEFERLTWAHEEL OGNS, BiZ, YROZ L1225
2= AREBEPLLOT, KBEI 24 ¥ (pt) KHRTY - L HFMEL
spin spectroscopy ¥ MM T 5 Z & AR, MET 0 —7 & LTHECHEDLFR R
12, ChiiboTo -7l 2= — s L2 ERL Vo Th EWEL S,

CCTREOMLHD—2 & LTHEERD I 2t =Y ARLICT 5 BEDHF
REREBNAT 5. LUSELOBEERE TAEIAMBDE LTALZ T %20 LAY



PoAMONTV Y, KEDFEILLTYY I (Si) ¥ NT=T A (Ge) #ik
FDF Y YT FARBOIESIE L WEE (passivation LI ARMMEL BTN 2) &
2T ET NS P IL o 0 ENEE (1080 EROWY) THE, bk,
LBEPTOKEDRIM LRI L 2ARMMED 2 h = XA RS { OBFREHKR
LOMEL>TVE [2le L Lidts, BBk OARICH L TRROWILTHS
PR oDBRAKEBLEDODIZO2NTEWVS L KELROWEEOKKER LI
D2VTTHD, Lrb:RREBLAYSIPIRONRTVE, SERATLF Y >
AT RLDIMMERT, FOMMOMECHT 2B b st
REVHELV, LW )OS RFRY #3608 (EPR) LRF-H_EW (ENDOR) &
Vo Bh L7 O -7 FARPLOMIE (MEDEPRE & a——ﬂ[a] tlﬁwr) £
<&tﬂf§ ’5:\:\&‘:‘5%*”&‘1!!».*)%7‘“&9?1)69 '

& RBAREICEEERDI o Fd Y irbDuSR msmmmm . Si®
Ge DA% 6Y GaAs, GaP $# L D{LAW L MEITHML THWKRLF =7 ¢ E¥ML
2255 [4)o 7. LBDEPR CHLEN K& o2 Si hOKRRKP.L (AAS L) @
M1 bond center ICAZM T 5 Mu* (HV i3 Muge) EMITAD I 2= ARLD
FRLEODTEBLTEBY, 323=) AOHRANKEOBLT AV~ L LTH
i#*ot:mﬁa#wtﬂar»w!;&%&vab atrurwbtﬁor
Ev,

& T, Si, Ge $®¥Mﬁﬁ‘l’ Kad> &Til"‘ 5k, 3 G@Mﬂ&k;& 6
RMFMWER D, —DRERBEHRRB T+ LI Mu- (3 OZ20LBHIERMIZ
Kot obi O TURMu* ), b )—oREF—ELHENLLEPR IS =
P AT, SRIBEICEINENEDBVIC L) NEAETMERIESS 6 0 (B Muy
EWE) RUMTRT O bond center (BC-site) ISR M¥ 36D (ML € Mapg) &
Kadhhsd, B1RELSORMEMTFETOREERNNICTRT., RMERHEPT
RE(EBREEREZOISDORBMAFEL TBY, FOFALIRREL & b Ty
& FiC Si B TIX Mupetbond center i2H 4 WiXuSR DFEDO—OTHD WA AH%
3tk (Level-Crossing Resonance, LCR) #{C L) EFHL PR L>TBY.Si K
FARCORFAY YHEODAH 6 MR MEMEDIK & { LW BC-site HKE
L+ EMFHROND (6] MupiZBIL Tiz £ DEBHEME NS HN% = & b HHE
TR (T-site) BB OO LMEEINTVEHN, BRMWET &2 2T normal
muonium EFEZNTWAZO Mur P ODBEREGR~OoDHMEL2TVE, W)
DLEWEE TRITROALS ORI N & W B T BC-site WM RT ~
SANDOBATIINF— %X B EERLTEY [7]. HERO SHR Ge HT Mur

FLONEH 50 % kMDD EVIKBEXLL-ATFBLTVEDPHTHD, FES

TOF,. SOFEX Mu-r*:uﬁ*ﬁﬂwﬁzﬁﬂrcab 2 r#mm h.ﬁaﬁo T w ah
LTHHLIERBEERTVD,

 MurPOHERTOAREBIIRLDS LI, x L] %E& Mugc'#'i&‘\ﬂ)sﬁkﬁ‘-
I RF Vv WEERENELAL . MupPOdtdh 2MORERIRBICH I L ERRLT
W, SHIZEROBKICHBNRZ AN F—TEASNAI ot VI —BBKKD



RPNRBP SANRBICHRE S N2 RBICHDEVWITFREOHT/T S, /CVF
oy 77U LD A NE—ROREIC &Y 3 ¥ D CRERTFHORT AN IR
EBIh, ¥v)V70OFHRRERIrLKEL TR, COWMEIIRLSEE I DEN
ZAINK— b ORMALBITTHZ L AR DTMEEL D 2. KBTI OHE
RERTHFERHELASI AL XRANTCLICL), FRETCHRBE A 2P
FARORBERBEMBT A LR LTI, SEORALDOERIC X n 3ad
Y AICDOWVT %mﬁﬂﬁfﬁltfﬂ"an% SEHEL 2 -

- HBRERORMIIFEFR D 5] KHEEATVIN, ST TR ;wmus Si
DRI DWTRINT B, smmxa#amum:mmt 78 =Dt AR
IaFVE-ARBOTIFZbA S NVARME L TRNED X/ ¥ 7D va
7 77 (10mJ/pulse) 2 AL 720 ASNELTXTHYY Tﬂiﬁkl?é nre Z‘.Tb
EN10Y7 cmPORETRT - s—ABpRENALBRRENE, .

SithTIX, MENIRBICBVWTEAI 22 YOILH50% zbeuTﬂﬂoutEm L.
COMBIX4~300 K ORHTIZIZ—ETH D, Mh DEH13# 200 K iz +h bl
TORETR Mupc¥ 4y TNLULOBE TR Muthx & %2 D MugePoodtA F >
ftEh T3 (ML XEBCHRIZVES LOWBRFY V2 Y X OERI L
RRENTVE [8])o DX ) 2BMITHL THRBMHET & $TERMGETRA
HIad Vo3 RTHE—DEBBXCAY  BNERTRFIRONS (H2a$
R)o LABMI CRTMIC, TORMES X U initial asymmetry (B2 T t=0 @
asymmetry) DRBMEFRIIHBN® oY XYY (RBHR) ZREBH TV
MurH LD ENR EBMOTEW—EER T, ¥ 2=XREE D&KL TD asymmetry DK
- BEOB P S, RRNT THO MupHlo) yield RFRBMOER L OHMAL TWDB S
LXRFHB, oT, SOREFRTIIRBEICL > T BCARI WA Mutdh
LW Mup BN LN BBUHRERBR LB EOoN L LRI ON D, —F, R
BRI T LI, MupcH OB CRERTFECTEZER (MAIFSK) Tk, XM
HTT—BEKE N Mugh LAt A4 L L2 h MR % 8 o T MupcP O & B
MENLLTRITBEMA RS VB LURY ZBHE, initial asymmietry OREHER
BEERCISBEHATEZLVIMBRC R 2TV, BEORREPL L VBT
& Mupc P TUMET 7 v ADBAZ RNV F—- %5250 HRNFRE—K
L. Mur Aot 2 MOEEBIRMTH L L 2RTRRT 2, CLOKBREREE
BT, BR (>200K) Tit MupSEERM (MurizeRe) ©, ﬁzﬂv &:ﬁu
Mupc B ERR (MupRBRE) THB, w3 itk s,

DL RRERIRBEART L -OOEFAE L TR, M RY MuchFtt\ﬁ‘
FAThEHBRTFRUVHCRENBETFCSHORR IR B2, ThaRETFD
FA4FIv 2 A ERTERRPETVIAYDTCHE S LFAOND, BRTORS
FHERFEAIPIC LN, 3XRTRRIZBY THETF- R FHEEEISSIERD O
BB AR TRE L REBETRBOMIC KT ¥ & v VBRIHE, —FOR
BB ORMICH LTHBRBIZ RS LR~ RBICTFRINRTVE 9, 4, v
ThORMI L Y ERELREHBRFOL AN -1V FERICHED TRV ¥—Fi18
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Scattering Experiments in Atomic and Molecular Physics
with Polarized Positron Beams

D. M. Schrader and Sudha R. Swaminathan,
Department of Chemistry, Marquette University,
P.O. Box 1881, Milwaukee, WI 53201-1881, USA

Abstract

Positronium formation in collisions of slow positrons and molecular oxygen with full spin
analysis of reactants and products is considered. This is a special case of a class of rearrangement
collisions involving positrons for which formalism is being developed. Results for our special
case are presented as the ratio of the yields of para- to ortho-positronium as a function of the
angle defined by the spin quantization axes of the colliding positrons and oxygen molecules.

1 Introduction

We are developing a general formalism for predicting branching ratios for the formation of various

spin states for binary scattering events which result in a change of states or in a rearrangement to

yield two product species: v
A+B—-C+D ' (1)

For such events, conservation laws give rise to stringent selection rules constraining the states of
the products, and these selection rules are more stringent than those which arise if three particles
are produced. We consider that species B and D each either contains or consists of a positron,
and that spin-orbit and external magnetic fields are negligible. Examples of collisions which we
will eventually consider include positronium formation (for which B = e*, C = A*, and D = Ps),
compound formation by dissociative attachment of a positron (A is then a molecule, say EF, B =
et,C = E*, and D = PsF) or of positronium (A = EF, B = Ps, C = E, and D = PsF), positronium
quenching (A and C are different states of the same system, and C and D are positronium in different
spin states), and others (the formation of Ps™, the ionization of Ps, etc.). In order to illustrate the
formalism, we consider in this note only positronium formation, and we use molecular oxygen as
our target:

02+e+-—+0'{+PS (2)

2 Constants of Motion; The Scattering Matrix

The spin quantum numbers Sy = 1, Ms,, S = %, and Mg, are all defined for the asymptotic
pre-collision system. As Oz and et approach and interact, the system wave function develops into
a superposition (which we call the “reactant superposition”) of eigenfunctions of the commuting
spin operators for the combined system, which are §2, §,, §3, and .ch, the operators for total spin,
z-component of total spin, total spin for the electrons only, and for the positron, respectively. The
corresponding quantum numbers are S, Mg, S., and S, = %, respectively. For our example, B
= et so the value of S, is established by spin conservation to be §4, which is 1. For each initial



state there is a particular reactant superposition with definite phase relationships between system
eigenfunctions.

The spin states of the products C and D can also be expressed as superpositions (which we
call the “product superpositions”) of eigenfunctions of the combined system. The inversion of this
relationship gives the eigenfunctions of the combined system in terms of the product spin states.
Simple matrix multiplication then gives the superposition of product states that develops from each
initial state. This superposition implies that a coherent mixture of product states is produced. The
matrix which connects each initial state with a superposition of product states is, of course, the
scattering matrix, which we denote here as M. For our example system, M is an 8x6 matrix.

The results of the computation of the scattering matrix can be expressed in terms of initial and
final states using the notation |Sa, Ms, ; Sg, Ms,) and |Sc, Ms.; Sp, Ms, ), respectively:

11 11
‘1’1’5"2'> - |2 211>
1 1 1 \/‘
11i30-3) 2 |7519) V3 [5309) - @
11 1 \/" 1111
‘1022>“’5|"1°> l > 2'22°°>

The remainder of the matrix follows from symmetry. To illustrate its significance, we point out’
that the last line above means that a positronium-forming collision of O2( Mg = 0) and a “spin-up”
positron (with coinciding spin quantization axes) will produce o-Ps(Ms = 0) with “spin-up” OF,
0-Ps(Ms = 1) with spin-down O}, and p-Ps with “spin-up” O} in the ratio 1:2:1 with the phase
relationships indicated.

!

3 The Reduced Spin Density Matrices

In this section we follow the monograph of Blum on density matrix theory[l] and the paper of
Blum and Kleinpoppen on the scattering of electrons and two-electron atoms.[2] The reduced spin
density matrix for the reactants is the outer product of that for the positron beam and for the
oxygen beam. We assume that the spin quantization axes! of the colliding species define an angle
B, and that both colliding beams are perfectly polarized. After rotating one of the spin quantization
axes through the angle 3, we obtain the initial reduced spin density matrices p;, shown in Table 1
for two different polarizations of the molecular beam. p;, is a 6x6 matrix.
The reduced spin density matrix for the products is given by:

Pout = M pin M (4)

We do not reproduce p,,¢ here for simplicity; it can be readily calculated with data given. It is
an 8x8 matrix with many non-zero off-diagonal elements which indicate channel interference and
the possibility of observing beat frequencies. The diagonal elements give the branching ratios of
product states as a function of the spin quantization angle 8 for given initial polarizations. We
present here (Fig. 1) only one regult, the one which appears to us to be the easiest to measure:
the ratio of the para- to ortho-positronium yields for several different cases of reactant and product
spin analysis.

't is worth noting that the axis of spin quantization of each incident beam is independent of its propagation
vector.



4 Excited Products

The threshold for reaction (2) is 5.27 €V. It is the only ion-producing channel until 9.36 eV, at which
energy the forimation of an electronically excited state of the ion, a quartet, becomes possible.? The
prediction of the branching ratio for these two final states can be made by solving the appropriate
Schrédinger equation. It might possible to measure this ratio in the appropriate energy region by
observing the para- to ortho-positronium ratio with spin analysis of Oz and/or O'{ .

The ratios of para- to ortho-positronium yields coincident with the formation of a quartet OF
ion are given in Fig. 1. The deduction of these ratios rests on the formalism described above
with appropriate changes in the numerics. For example, the reactant superpositions are the same
as those which arise for the ground state ion, but the product superpositions are different. The

scattering malrix is 6x16, and p,,: is 16x16. In principle, the calculation is the same in either
case.
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Table 1. The reduced spin- density matrix for colliding spin-polarized beams of positrons and
molecular oxygen. § is the angle defined by the two spin quantization axes. Rows and columns are
labelled by the quantum numbers Mg, and Mg,. The first matrix is for the case Ms, = 1, and
the second, 0. Empty blocks contain only zero elements. An overall factor of 1/2 should be applied
to each table.

0O 0 !-1 -1
1 _ 1Ly 1 _1
2 2] 2 2
0, 1 1 0 0 -1 -1
ot Il 1 1 _1 L1
2 2 2 2 2 2
—
1+ cosf sin 8
sin 8 1-cospf
=
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Figure 1. The ratio of para- to ortho-positronium yields as a function of 3, the angle defined by
the spin quantization axes of the colliding oxygen and positron beams. The key to the figure for
the formation of OF in its ground state is the box in the upper left corner; that for the formation
of OF in its first electronically excited state (a quartet state) is shown in the upper right.
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Possibilities for a high intensity polarized slow positron source uéing BN

“A. P. Mills, Jr.
AT&T Bell Laboratories, Murray Hill, NJ 07974

ABSTRACT - A small area intense polarized beta-decay positron source could be made
using the reaction '2C(d,n)!*N, provided the activity were transported away from the deuteron
target by a carrier gas and frozen onto a small diameter spot. 60 kW of 15 MeV deuterons could
yield a source of 3x10!° slow polarized positrons per second from a 100 um source spot. Such a
source would be as effective as a pulsed LINAC source of equal power, and would be equivalent
for high brightness applications to a 10 cm diameter 300 kCi $Cu source.

INTRODUCTION - Polarized positrons are useful for probing the spin density of
electrons in solids [1] and for studying positronium and its chemistry [2]. Various experiments
using high densities of positrons can also exhibit the mysterious spin one-half of the positron and
the Fermi statistics this entails. No one would believe the spin-statistics connection should fail
for anti-matter, especially since it is at the heart of the amazingly successful qed theory [3].
However, ‘it would be informative to directly observe positron Fermi statistics and possible
interesting departures from non-interacting particle behavior: For example, one could study the
dynamics of Ps, molecule formation at a solid surface, the effects of small perturbations on the
Bose-Einstein condensation of spin polarized Ps and of Ps,, correlation effects on the negative
work function emission of high density positrons from a solid and possible positron
superconductivity and magnetic ordering in solid insulator hosts.

Collections of positrons sufficient in number and low enough in temperature for
displaying Coulomb correlation effects are already available in magnetic traps [4], and the
trapped positrons may be polarized using resonance techniques [5], if they are not initially
polarized. On the other hand, B decay positrons are polarized if they are velocity selected, and an
intense polarized positron source would find many uses [6].

Candidates for a large polarized positron source include the B decay sources 4Cu, 7Kr
and 38Co, all of which suffer somewhat from difficult preparation requirements associated with a
nuclear reactor and physical and chemical manipulations. A short lived isotope produced by
charged particle bombardment of light elements is a possible alternative to a reactor source [7].
The present note describes a scheme for the production of slow positrons from >N, made via the
12C(d,n) 3N reaction [8], that might be suitable for an intense polarized source.

The thick target yield of 3N for a given power is almost constant for d energies between
10 and 30 MeV [9]. The peak yield is 2x10'3 *N/s or about 500 Ci given 60 kW of deuterons at
15 MeV. My present slow positron beam uses 50 mCi #*Na behind a 5 pm Cu(2% Be) window,
an Ar moderator and a conical moderating surface to give 3x10% slow e*/s. Extrapolating to a
104 times stronger source suggests that a 60 kW >N source could yield 3x101 slow e*/s.

SUGGESTED DESIGN - A possible way to make use of the 3N is suggested in Fig 1.
The important features include using a large area (and therefore easily cooled) hot porous carbon
target from which 3N is to be continuously extracted by means of a carrier gas consisting of He
with possibly a trace of ordinary N, to act as an exchange agent. The BN is to be transported
away from the harsh environment of the d target region and condensed in a small area on the back
of a cold (10 K) thin (50 pm) diamond window. Note that 500 Ci of *N would dissipate about
2.5 W in the window, which, given the 100 W cm~!K~! thermal conductivity below 100K,
would lead to a few K temperature rise in a 100 um diameter spot. The slow positron moderator



could thus be a solid rare gas [10] or possibly a field-assisted diamond moderator [11].

The smallest practical size of the condensed 13N spot is determined by the geometry of
the smallest nozzle that just provides sufficient pumping speed S to extract the gases from the
irradiation cell of volume V in less than the 10 min 3N half life. For a simple orifice of diameter
d, the evacuation time constant is T=V/S=8V/d?, where d is in mm, V is in liters and 1 is in sec.
With V =0.11and 1< 103 s, the orifice diameter must be greater than 30 pm.
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BRIGHTNESS CONSIDERATIONS - The possible great positron beam brightness
resulting from a less than 100 um diameter 3N spot would make such a source more valuable for
many purposes than a much stronger source originating from a larger area. For example, if high
beam brightness is a requirement, then each stage of brightness enhancement [12] typically [13]
reduces the beam diameter by a factor of 10 and the intensity by a factor of 5 while giving 20
times more brightness. A 100 p 3N source of 3x10'? slow e*/s would thus have the equivalent
brightness available from a 300 kCi ®Cu source 10 cm in diameter. The position of the source
spot would have to be changed every 10 m to avoid excessive build up of >N and 3C.

It is to be noted that a pulsed beam from a LINAC has a high density in phase space that
may be turned into a small diameter continuous beam if desired by capturing a pulse in a trap and
letting the positrons leak out slowly through a small diameter potential hole. Some scrambling
mechanism would be needed to make the transverse trajectories ergodic or chaotic; probably the
Coulomb interactions would suffice given a large number of stored positrons [14]. Existing pulse
stretchers [15] that let the positrons escape past a transversally uniform potential may be used to
achieve the complementary effect of a very narrow beam energy spread. If the duty cycle is | =
pulse length x repetition rate, then either the beam area or the energy spread may be reduced by
the factor 1 in principle. Thus, a typical LINAC beam that might be 1 cm in diameter and have
N <1076 would have a brightness equivalent to a 10 um continuous beam of the same energy. If
the positron trap were in a high magnetic field and contained a cavity tuned to the spin flip
frequency and coupled to a cold (4 K) load, the positrons from an unpolarized LINAC source may
be spin polarized also. The spin cooling time is roughly 1 secX(50kG/B)2x(1/Q), where Qis
the "Q" of the resonant cavity. In calculations of the relative merit of different designs, the cavity



polarizer has the disadvantage of using a large magnetic field, into and out of which the positrons
must be transported adiabatically to preserve the brightness.

We conclude that a >N source as describe herein could in principle be much better than

any practical reactor-produced isotope source. On the other hand, a pulsed LINAC positron beam
could be roughly equally valuable as a 3N source of the same primary power, and the choice of
which one to use would depend mostly upon cost and other non-technical factors.
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