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Intrinsic momentum distributions of positron and positronium annihilation in polymers
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We succeeded in extracting intrinsic momentum profiles of positfefis parapositronium(p-Ps, and
orthopositroniur(o-P9 in polymers. Unexpectedly, thed profiles extend beyond 3010 3myc and cannot be
approximated by either a single Gaussian or the sum of Gaussians, implying that different electron states
contribute to the momentum distributions. Téeprofiles are narrower in the order of carbon-, oxygen-, and
fluorine-containing polymer groug€, O, and F groups The p-Ps profile in the F group is 1.4 times as broad
as those of the C and O groups, whereds profiles are essentially identical in the three polymer groups.
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Positron annihilation spectroscopy is a well-known tech-analysis was performed using tiR®sITRONFIT code® The
nigue with high sensitivity for probing the defect and elec-longest-lived component with,_ps and its relative intensity
tronic structure of various materials through the measuretl,_pJ was attributed to pickoff annihilation @fPs localized
ments of positron lifetime and/or momentum distribution of in the free volume in polymers.
annihilating positron-electron paitdn polymers, a fraction The coincident measurements of the Doppler broadéning
of positrons forms the positron-electron bound state knowrmwere performed by measuring the energies of the two anni-
as positroniun{Ps. Singlet parapositroniurtp-Ps with an-  hilation quantaE; andE, with a collinear setup of two high-
tiparallel spin orientation and triplet orthopositroniymP9  purity Ge detectors with 1.0 kefFWHM) energy resolution.
are formed at a ratio of 1:3. The lifetime ofPs and the The Doppler broadening spectra were obtained by cutting the
momentum distribution op-Ps give information on the free E;, E, spectra along the energy conservation lig+E,
volume. Although the momentum distribution of positrons=1022+1keV, taking into account the annihilation events
(e") gives information on the electronic structdré,the in-  within a strip of=1.6 keV. A cut along the diagonal was then
trinsic e* distributions of polymers have never been obtainedanalyzed by taking th& parameter, which was determined
due to the interference of Ps annihilation to experimentaby the ratio of the central area ovef-2.5to +2.5
data. X 1073mqc to the total area of the Doppler broadening spec-

In this paper, we report intrinsic momentum distributionstrum after subtracting the background and the source com-
of the electron-positron annihilation photons of #fe 0-Ps,  ponent of Kaptor(~8%).
andp-Ps. Various polymers were systematically investigated The correlation between th§ parameter and the-Ps
and a number of unexpected results were obtained. Thgaction (S—1,_ps plot) for the polymers was found to have
present results are not only important for clarifying the de-strong element specificitgFig. 1). As indicated by straight
tailed mechanism of positron annihilation in polymers butlines determined by the least-square metksee Fig. 1, S
also provide high-quality momentum distribution data for fu- —|_p plots were classified into the following three groups,
ture theoretical investigations. depending on the chemical element the polymers contained:

The following polymers were examined in this stud¥)  (I) polyolefines consisting only of carbon and hydrogén
high-density polyethylendHDPE), (2) polypropylene,(3)  group, (2) oxygen-containing polymer€O group, and (3)
polyethylene (PE), (4) ultrahigh-molecular-weight PE(S)  fluorine-containing polymers(F group. The strongly
low-density PE(6) atactic polystyren¢aP3, (7) syndiotac-  element-dependent correlation can be understood from the
tic polystyrene(sPS, (8) Kapton, (9) polyetherimide,(10),  perspective that each of these three polymer groups has its
(11) poly(ether ether ketone(PEEK with different crystal- own Doppler profiles o&* and Ps.
linity ), (12) poly(ethylene terephthalate(13) poly(vinyl al- For Ps-forming polymers, the overall momentum distribu-
cohol, (14) polyether sulfone(15) poly(methy methacry- tion (P) is described as the summation of individual contri-
late), (16) polyestercarbonatél7) polycarbonatdPC), (18)  butions from thee*(P.+) and Ps(Ppg, as given by the equa-
polyvinilidenfluoride, (19) Teflon, (20) polytetrafluoroethyl-  tion
ene, (21) ethylene tetrafluoroethylene copolymé2?) tet-
rafluoroethylene perfluorovinyl ether copolym@&FA), and —(1 - .

(23) tetrafluoroethylene perfluoropropylvinyl ether copoly- P=(1-0)Pe +1Peg @
melgc()fltzhlzllifetime measurements, the positron so(fdea), wheref is the fractipn of F_)S forma.tion. Si'nq:ePs ando-Ps

. L . are formed at a ratio of 1:3, Eql) is rewritten as
sealed in a thin foil of Kapton, was mounted in a sample-
source-sample sandwich. The positron annihilation lifetime
spectra(~1 X 10° coincidence counjswith a time resolution P =P+ fAP, (2)
of 280 ps full width at half maximum(FWHM) were re-
corded at room temperature. A typical three-componentith
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FIG. 1. Correlation between th® parameter an@-Ps fraction 3
for C (open circley O (open triangles and F (open squargs Momentum component, PL [10 mnc]
groups. Solid, dashed, and dotted lines are results of the least- ] ]
square fit for the C, O, and F groups, respectively. For sample FIG. 2. Doppler broadening profiles of the for C (open
numbers, see text. ThePs lifetimes for C, O, and F groups are in Circles, O (open trianglels and F(open squargsgroups together

the ranges of 2.0-2.6, 1.5-2.2, and 2.9-4.0 ns, respectively. with the Kapton raw datésolid line).

1 3 Gaussians, one narrow and one brfsek Figs. @) aPS and
AP= ZPp_pS+ ZPO_pS— Pet, (3)  3(b) PFA]. The narrow component is attributed pePs be-
cause it decays by intrinsic mutual annihilation of its own
whereP,_psandP,_psare contributions fronp-Ps ando-Ps, positron and electron. On the other hand, the broad one is
respectively. Equatioftl) directly explains the three different attributed too-Ps, because it annihilates via the pickoff pro-
lines in Fig. 1, which are characterized with different inter- ¢€ss with surrounding electrons having higher momenta. In
section points, one dt_p=0% (f=0), corresponding to the the absence of a magnetic f|€_(knpen circley the intensities
intrinsic S parameter of thee*(Ss+), and one atl,ps ©Of the narrow component attributablepePs are found to be
=75% (f=1), corresponding to the intrinsi parameter of ~2almost 25%see the narrow components, indicated by solid
PS (Sho. Ilr]es in Flgs. 8a) and _Z{b)], maintaining self-consistency
with the initial assumptiofiEq. (3)].
In order to further ascertain the validity of the separated
profiles of p-Ps ando-Ps, we conducted magnetic quenching
xperiments for aPS, PC, and PFA. A magnetic field mixes
ge p-Ps state with then=0 substate o0b-Ps, which leads to
an enhancement of the narrow component in the Doppler

; ; dening profile. The Ps profiles of aPS, PC, and PFA are
above, the three polymer groups have their own respecuvBroa _ pro |
Doppler profiles. Thus, if at least two momentum distribu-/€ary enhanced in the vicinity of 511 keV by magnetic

tions are available in one polymer group, simultaneous equa{,é':eIds of 5150, 6350’ ?”d 7650 (or &.‘PS and P_FA_see Fig.
tions SUCh aSPpra= Py + fppsAP and Ppep= P+ frepAP and cqrrespondlng insetdn a static magnetic fieldB),

: : C i the fractions ofo-Ps andp-Ps aré®
provide us the solution aBe+=(frepPpra—fpeaPrep) / (frep
_fPFA) and PPS:[PPFA+(fPFA_ 1)Pe+]/fPFA' The fraction of 1 B B
Ps formation is determined by lifetime measurementf as Fo = m[(l +Y)MA-p+A-y(1+pl, (4)
=(4/3)l,_ps This approach makes the relation in Fig. 1 vis-
ible over the whole momentum range. For each group, sev-
eral Doppler profiles o™ were obtained from different bi-

The linear relation between the Doppler broadening pa
rameter ana-Ps fraction was found to be universally appli-
cable not only to the low-momentum range covered byShe
parameter but also to the high-momentum region dominantl
contributed to by core electrons, which enables us to separa
the spectrum into that of* and that of Ps. As confirmed

[(1-y?Q1-p+Q+y)*1+pl, (5

nary combinations in the samples. All the profiles esf P8(1+y?)
derived from two possible raw data were essentially identi1_|ere
cal. '
Figure 2 shows the Doppler broadening profilesbfor _ X
C (open circleg O (open triangles and F groupsopen y= 1+e+1 (6)

squares up to 30x 103myc. The derivede* profile in the O

group is in excellent agreement with the Kapton raw data, tovith x=4uB/%wg, and p is the polarization of the positrons

which the Ps component makes no contribution. along B at the instant of the Ps formation. p was assumed
The Ps profiles are well represented by the sum of twdo be O because of experimental alignment of the sample-
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ical predictions. Results consistent with the theory were also
obtained for various polymers at 0, 5150, 6350, and 7650 G.

It can be clearly seen from Fig. 2 that the Doppler profiles
of " cannot be represented by a single Gaussian. They can-
not be approximated by the sum of several Gaussians either.
The highly complex profiles suggest that electrons in differ-
ent states contribute to positron annihilation, in disagreement
with the assumption of the sum of Gaussian functions for the
mixed profile ofe” ando-Ps in previous angular correlation
of annihilation radiatiofACAR) studies.

The Doppler profiles o&* are narrower in the order of C
(open circleg O (open triangles and F groups(open
squares In the case of the O and F groups, positrons may be
attracted by the negative char¢#) localized on these ele-
ments due to the inductive effect, which has already been
suggested for oxygen-containing polar gro&p#s is shown
by the high positron mobility in PE this polarity effect is
small for the C group, in which positron annihilation with the
electrons of carbon atoms is most probable in light of the fact
that the number of electrons bound to hydrogen is much
smaller than the number of electrons on carbon atoms. It is
therefore concluded that the broadgrprofiles in O and F
groups are caused by element-specific positron annihilation
with the electrons of O and F atoms, respectively.

F, % The values of FWHM derived from Gaussian standard
0.05| 295 % X 323 % | deviations of thep-Ps components are4.3xX 1072 and 5.7
. - S 5 A 27.8 % X 10~3myc for aPS and PFA, respectively, whereas the values

&7 of the broad component are8.7x 103myc, and are similar

among the groups. For PC in the O group, we obtained of
" FWHM'’s 4.0x 1072 and 8.7x 10 3myc for the p-Ps ando-Ps

-15 10 5 0 5 0 15 components, respectively, similarly to those for aPS. Decon-

volution of thep-Ps component with the energy resolution of

the Ge detector(~1 keV) gave significantly smaller

FWHM’ of 2.5X 1072 and 4.5< 10 3myc, for aPS and PFA,

FIG. 3. Doppler broadening profiles of Ps f@ aPS andb)  regpectively. These values are similar to those for PE and
PFA taken in the magnetic field of (®pen circley 5150 (open Teflon reported earlier in ACAR studiés?

triangles, 6350 (open squargsand 7650 Glopen diamonds The Although Ps, unlike the positron, has no sensitivity to the

inset shows the enlarged section around the 511 keV peak. charged parts owing to its charge neutrality, the Ps profile in

. ) ~ the F group deduced above was anomalously broader than
source-sample sandwich employed heueis the magnetic  those of the other two polymer groups. For the O-containing
moment of the electron antlw, is the hyperfine structure polymers, at most, 30% of constituents are oxygen and the
splitting betweero-Ps andp-Ps. The 2 annihilation inten-  yest are carbon or hydrogen. Thus, neutral Ps should be an-
sities ofp-Ps(l,) ando-Ps(l,) are expressed with the total njhjlated mostly with electrons of carbon, and consequently
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annihilation rates 0b-Ps(I'y) andp-Ps (") as would have a Ps profile similar to that of the C group. The
5 existing free volume of the F group with_ps~4 ns may

_ N Y w1 be larger than that of the C- or O-containing polymers with
lo = 5Fon 1= 5Fpr (7) ) , ;

I'yl+y Iy l+y To-ps~2 Ns. Based on this observation and the uncertainty

principle, a relatively narrower momentum distribution of
wherey, is the self-annihilation rate gi-Ps. In the calcula- p-Ps localized in the free volume can be expected for the F
tion, wy=8.17x10"* and 8.24< 10°* eV, reported for Lu-  group. In contrast, the Ps profile in the F group, compared
cite and Teflon, respectively,were used for aPS and PFA, with those of the other two groups, is remarkably brésee
respectively. The pickoff annihilation rate @Ps was as- Fig. 3). The broader Doppler profile qgf-Ps agrees with the
sumed to be 0. Calculations revealed that in the magnetiresults of the ACAR reported in a study on Teflohlt may
field of 6350 G, a transfer of 5.8% annihilation can be ex-be associated with the unusual mutual interaction between Ps
pected from the-Ps intop-Ps for PFA, whereas a transfer of and F-containing polymer molecules in the free volume,
3.2% is expected for aPS. The changes in the intensity of thehich could be the subject of our future investigation.
narrow component determined by the Gaussian fit are 5.2% It has been considered that it is difficult to separate the
for PFA and 2.5% for aPS in the magnetic field of 6350 Gindividual components oé", p-Ps, ando-Ps from the Dop-
(see the intensities of the narrow component indicated byler broadening spectrum due to the limited energy resolu-
arrows in Fig. 3, which are in good agreement with theoret- tion of the detector. However, it becomes possible using our
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methodology demonstrated here. Although the narpR®Rs  complex manner than ever considered. The profiles are
component can be observed with ACAR using an intenséeavily influenced by the presence of such elements as O and
positron source, radiation damage® during the measure- F in the polymer chain. On the other hand, bqtHPs
ment is always a concern. The positron age-momentumand o-Ps profiles can be represented by a single Gaussian
correlation (AMOC) technique is able to descriminag®,  distribution. We discovered that thePs profile is anoma-
p-Ps, ando-Ps at different agé$ though data acquisition |ously broadened not only in Teflon but also in all the
takes an extremely long time, which also gives rise to radiaF-containing polymers studied, showing largePs energy
tion damage and_makes §ystematic study very difficult. Thgy, the F group in comparison with the C group. The larger
present method is superior to ACAR and AMOC for the , ps energy of the F group may be associated with unusual
reasons described above, and will be useful for polymef, tual interaction between Ps and F-containing polymer
studies. _ molecules in the free volume. Our findings provide invalu-
With the developed method, we were able to deduce ingpe information for the elucidation of positron and positro-

dividual momentum profiles of", p-Ps, ando-Ps in various  hjym interactions in polymers as well as their electronic
polymers. Unexpectedly, the" profiles extend beyond 30 ¢irctures.

X 103myc and cannot be approximated by either a single
Gaussian or the sum of Gaussians, implying that different This work was financially supported by NEDO, MEXT,
electron states contribute to positron annihilation in a morend JSPS.
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