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Theory of muon spin relaxation of Mu + CO
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In previous paperfPhys. Rev. A50, 4743(1994); 54, 4815(1996)] a theoretical description of the signals
associated with the muon spin relaxation of simple muonated gaseous radicals has been presented. These
gaseous radicals were assumed to have been formed during the slowing down process of the muons in the
gaseous target and assumed to be stable chemical species at the initial observation time. The observed signals
were attributed to these stable radicals. In this paper the theoretical description is extended to include situations
where the radicals are formed in slow processes as opposed to fast processes with the assumption that the muon
exists as muonium at the initial observation time. This muonium then reacts for the time duration of the
experiment, which is limited by the muon'’s lifetime. The theoretical treatment is based on an operator expan-
sion of the spin density operators for muonium and for the molecular radicals whose time dependences are
described by a set of coupled linearized quantum kinetic equations. Relaxation of the signals is due to two
effects, namely, the chemical reactions themselves and the collisions that reorient the molecular radical’s
rotational angular momentum. This affects the muon’s spin via intramolecular couplings between the muon’s
spin, the radical’s free-electron spin, and the radical’s rotational angular momentum. The coefficients of the
radical’'s spin Hamiltonian, the collisional reorientation lifetimesoss sections and the chemical reaction
rates may be used as fitting parameters to describe the experimental signals. These could also be calculated
from first principles[S1050-294{®8)00212-]

PACS numbdps): 36.10—k, 51.60+a

[. INTRODUCTION uncertainty in the initial time of a few nanoseconds as well.
This uncertainty in the initial time is such that the muons will
Many muon spin relaxation experiments have been perhave completed their stopping process and may be in differ-
formed for the purpose of studying the reactions between thent chemical environments when counting begins. The count
paramagnetic muonium atorfradica), Mu=ue~, and comes from all chemical environments that contain the
macroscopic physical systeth$—3]. For simple molecular muon, while the signa(t) is related to components of the
gases, these studies fall into general categories dependimguon’s spin angular momentuin These experiments are
upon the type of reaction, for example, substitution reactionsisually performed in one of two configurations, namely, a
with diamagnetic molecules such as H] and addition re- longitudinal setup where the incoming muon’s spin and the

actions with diamagnetic molecules such as [&®], para-  magnetic field direction8 are collinear and a transverse
magnetic diatomic molecules such ag [F] and NO[5,8],  setup where they are perpendicular. The observed s&fopl

and diamagnetic polyatomic molecules such gdf9-11. s proportional to the ensemble-averaged behavior of a single
Often an inert dopant gas is also present to adjust the stopnuon’s spin time dependence and for computational pur-
ping location of the muons and to ensure that the majority oposes is calculated as equal to the spin expectation value
the muons form the paramagnetic muonium radical that mawith the initial incoming state treated in the same way. The
then react with the molecular gas. For purposes of discusesult is the same if both the signal and initial state are in-
sion, the muonium atom will be referred to as a radical toterpreted as numbers of muons. In general, these signals con-
emphasize its chemical reactivity, while paramagnetism andist of a number of observable modes having the general
diamagnetism refer to the electronic structure of the atomgorms
and molecules. In these experiments, the dynamics of an en-
semble of muon spins are followed through observation of

the decay positrons that are emitted preferentially along the
muon spin direction. Histogranjd2,13 of these ensembles

L L
SL(t)zik: e**ktAkﬂL}n‘, e Mn'cog wht+ 65)AL

are fitted to a count function =B-(I)(t) 2
N(t)=Nge V7s[ 1+ S(t)]+ By, (1)  for the longitudinal configuration and
wherer,=2.2 us is the lifetime of the muorl\, is a nor- T 4y — o= Aot —\ Tt Te o gT\AT
=T i ’ g S'(t)y=e™ "o e “kco t+6,)A
malization constanB, is a background constant, aBt) is (t) % o A

the observed signal. These histograms are recorded with a —
minimum time resolution of a few nanoseconds and with an =e Mo'Ree, -(1)(1) 3
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for the transverse configuration, wheee is the complex pressures of gH, [9-11], (iv) chemical reactions involving
unit vector rotating positively aboi. Here){ is inversely ~muonium and diamagnetic gases producing molecular radi-

proportional to the total pressufg cals that may undergo angular momentum reorientation re-
laxations such as Mu- CO [5,6], (v) angular momentum
T Mo reorientation relaxation and spin exchange of stable molecu-
)\023: (4) lar radicals such as Mu@n high partial pressures of 7],

and (vi) chemical reactions involving muonium and para-

with 7, being a measured background, contributes to the magnetic gases producing molecular radicals that may un-
overall relaxation rate due to field inhomogeneity over thedergo angular momentum reorientation relaxation and spin
stopping distribution of the muon in the gkO]. exchange such as Mt O, in low partial pressures of O
These signals exhibit a variety of frequencies and relaxt?], Theoretical descriptions of categorigs[4,5], (i) [16—
ation rates that may be associated with the different dynamil8l, and(iii) [19-21 have already been presented, while it is
cal modes of the chemical system. The relaxation rate fofhe purpose of the present paper to present a theoretical per-
each of the modes is then expressed in terms of the standag@ective on categoryiv). In all these categories, there are
terminology for longitudinalT,; and transverse relaxation two types of dynamical motion occurring, that is, the in-
timesT,. When no reactions are present, the relaxation rateramolecular evolution of all the translational and internal
amplitude, and phase of each mode is directly associategegrees of freedom of the molecules and radicals and the
with a particu|ar chemical Species that contains the muori,nterm0|ecular collisional events between these atoms and
provided no accidental degeneracies occur. If chemical rea¢nolecules. Since the observable of interest is the muon’s
tions are present, the precession-relaxation modes are a coRin angular momentum, the translational degrees of free-
posite of all the chemical species since the complex evoludom are averaged over in both the experiments and the
tion of the chemical dynamics intermixes the contributionstheory. Thus the theoretical problem involves the ftbe-
of the reorientation rates and spin couplings of all the variougween collisions spin dynamics of the molecules and radi-
chemical environments present. While the frequency of eachals coupled by the collisional reaction and relaxation pro-
mode is probably dominated by that of a particular speciesS€SSes, with the result that the observed muon spin signal has
shifts occur because of collisions and reactive coupling of relaxation of its amplitude and possibly indirect shifts of
the Species_ In generai' there are many modes Contributing fbe observed frequencies from the free intramolecular fre-
these signals, but usually only a single mode is observeluencies. Relaxation of the signals is due to the collision
experimentally. However, multiple modes have been ob&vents that may or may not directly relax the muon’s spin
served8,14,15. For transverse fields, the modes are clearlyangular momentun. The resulting equations for the dy-
distinquished by their frequencies so that their relaxatiofamical motion of the internal degrees of freedom of the
rates and amp”tudes may be assigned unambiguous|y, un|e§p|ecules and radicals Containing the muon are affected by
there is a degeneracy. In longitudinal fields, the frequencycollisions via angular momentum reorientation cross sec-
dependent modes are usually not observed since their frélons, spin exchange cross sections, and chemical reaction
quencies are too high for the current experimental timingates. Solution of equations of this type result in signals of
methods to resolve. A further complication for the longitudi- the forms of Eqs(2) and(3) where the observable frequen-
nal field signals is that more than one zero-frequency modéies, relaxation rates, amplitudes, and phases are, in general,
might be contributing to the observed signal since the relaxdependent both upon the internal state properties of the mol-
ation rates may not be sufficiently different to distinquish ecules and the radicals, as well as on the reorientation, spin
between the modes. In addition, even in the case when n@xchange, and chemical reaction collision cross sections.
reactions occur, there is no distinguishing feature to allowhese are in turn dependent on the pressure and magnetic
the determination of which chemical species is associatefield strength.
with (or dominatesa particular mode. For category(i), the muon completes its slowing down
These experiments may be Categorized by the nature ¢ffocess as the muonium radical and then reacts with a dia-
the interactions between the muonium radical and the molmagnetic gas moleculel] after counting begins. In longitu-
ecules of the gas. The types of intermolecular processes théthal fields only the zero-frequency signals are observed,
occur, such as angu|ar momentum reorientationS, Spin e)Whlle for transverse fields Only the two lowest muonium fre-
changes, and chemical reactions, lead to a rich precessiofléncies and the diamagnetior bare muonfrequency are
relaxation dynamics for the muon’s spin. From a theoreticaPbserved. The reaction is assumed to be thermal with a
point of view, the categorization may be based on the comchemical reaction rate that is observable on the time scale of
plexity of the mathematics required to describe the dynamicghe experiments, a few nanoseconds to aboutu®0 The
of the muon’s spin angular momentum during the time ofProducts of this type of reaction, for example,
data collection. This categorization depends upon the mo-
lecular species_present and on th_e_partial pressure of the_gas. MU + HX—MuX+H, (5)
In terms of the intermolecular collisional processes occurring
during the time of data collection it is as follows) Chemi-
cal reactions involving muonium that produce stable diamagare stable diamagnetic molecules such as MuH. Relaxation
netic molecules such as M4 H, [4], (ii) spin exchange re- of the signal occurs due to loss of muonium through the
laxation of muonium by paramagnetic gases such as#Mu chemical reaction as the muonium is converted to the dia-
Cs[5], (iii) angular momentum reorientation relaxation of magnetic molecule. There are no other relaxation methods
stable molecular radicals such as M in high partial for these types of experiments. The free intramolecular spin
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dynamics of the diamagnetic molecule involves only the spin SH(t)= Skllu(t) + Sﬁ(t) = A
angular momentum of the mudrand the magnetic fielB in

the Zeeman Hamiltonian 1
= §[1+co§n]fMu+fD (I1g),.(0); (11)

HSPA=—w,B-I, 6 . .
m Pu © compare with Eq(2). Thus there is only one observed zero-

frequency mode that does not relax. It is to be noted that the
“amplitude of this constant signal increases with field and
contains contributions from all the chemical environments.
This is the typical result for the forward reaction from muo-
Hium to a diamagnetic molecule in longitudinal fields.
In transverse fields the experimefis5| are often carried

R R out at low fields 10 G). For such low transverse fields
Hy /= weB-S—w,B-1+ wy"S:. (7)  and for only forward reactions, the signal is calculated as the

_ . _ o expectation value of the muon spin in thelirection, which
This standard muonium or hydrogen spin Hamiltonian hags 4 direction perpendicular to the magnetic field direction
well known analytic eigenfunctions and eigenvectf®S].  The initial state is interpreted in the same way as for the

Those modes that influence the muon signal are three zergsngitudinal case, while the muonium contribution to the sig-
frequency and two nonzero-frequency longitudinal modes,gis

and four nonzero-frequency transverse modes. With the cur-

rent experimental apparatuses, only the two lower nonzero - B

frequency transverse modes are observable as well as the Sw(D)=5e Mcog wmyt) Fuu(lx) . (0) (12
sum of the zero-frequency longitudinal modes. Because of

the simplicity of the free spin dynamics and the averagingand the diamagnetic contribution to the signal is
over the translational degrees of freedom, it is possible to

while the muonium radical also involves the spin of the elec
tron S. The spin Hamiltonian for muonium is the standard
hydrogen isotope Hamiltonia8,22—24 constructed from
the electron spin angular momentum, the muon spin angul
momentum, and the external magnetic field as

analytically represent the signals for this categlehyp|. T 1

In the longitudinal field experiment$] when there are Sp(t)=cogw,t)fp(l,).(0) + >cosf[cos w,t— )
only forward reactions, the zero frequency contribution to
the signal from muonium is —e Mcog oyt + 0)IFpu(lx) .(0). (13

Here w),, is the low-field effective Zeeman precession fre-

Sh,(H)= Ee—xft[l.;.cogn]fwlu“B)ﬂ(o), (8) quency we—w,)/2, \¢ is the chemical reaction relaxation
2 rate, and the phase is

while the zero-frequency contribution to the signal from the omut o,

diamagnetic environment is 0= arcta+)\—f : (14)

. 1 This phase depends upon pressure through thenratnd

Sp(t)= 5[1—37M][1+ coS7]fuu(l8)u(0)+o(l).(0),  the field through the precession frequencigg, andw,, . As

(9) with the longitudinal signal, these contributions to the signal
cannot be individually identified and only the sum of the
contributions from both the muonium and the diamagnetic

with environments can be observed, that is,
X 10 ST(t)=Agcog w,t+ ) +e *'Acog wyyt + 6,),
cosny= .
KN (19
where the amplitudes and phases for the modes are
Here N\ ;=ksny is the rate due to the forward reaction, with 5
ny being the number density of the reacting gas, and _ \/ } 2
=B/B, is the reduced magnetic field strengtB, is Ao= V |zt o COS 6+ fpsié1),,(0),

o' (ye+ ¥,.)=1585 G.(lg),(0) is the muon spin expec-

tation value in the field direction of the incoming muon beam

at the zero of the count time, which is usually indistinguish- 5 fuutand
able from the time when the muon is thermalizgg, andfp 0p= —arcta
are the initial(zero of count timef,,,+ fp=<1) fractions for

the muonium and diamagnetic chemical environments. This

diamagnetic environment plays no further role in the chemi- (16)
cal or spin relaxation processes. In the experiments, these A =E(sin0)f (1,),(0)

contributions to the signal cannot be individually identified 172 MUATX/ w20
and only the sum of terms from muonium and from the dia-

magnetic environment can be observed, that is, 0,=0— /2.

+fptarfé

EfMU+fD
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Thus there are two nonzero-frequency modes; compare witbreasesA\; increasesA, decreases\;— 0, and\, increases.
Eq. (3). The amplitudes of these modes are pressure and fielthis implies that at large fields the signal will be constant.
dependent. Only the second mode relaxes and its relaxation For category(ii), the interaction between the paramag-
rate is equal to the chemical reaction rate=\;. In this  netic muonium radical and a paramagnetic gas, for example,
example, the first mode is due to both the initial diamagneticCs [5], is dominated by electron spin exchange processes
fraction and the diamagnetic product of the chemical reacwhereby the spin angular momentum of the electron in the
tion, which may not necessarily be the same chemical envimuonium directly interacts with the paramagnetic spin angu-
ronment. In addition, even though the second mode has tHar momentum of a gas molecule in a collision process.
muonium frequency, it contains contributions from both While the muon spin will also directly interact with the gas
muonium and the diamagnetic product of the chemical reacmolecule’s paramagnetic spin, the size of this interaction is
tion. much smaller than that of the electron’s interaction and this
If this reaction is reversible, the effect of the reverse re-direct interaction can be ignored; see the successful theoret-
action will show up as modifying the frequencies, relaxationical description of this process Ji6]. Thus the relaxation of
rates, and amplitudes of the observed modes under standatte muon’s spin angular momentum by spin exchange inter-
chemical kinetic conditiong5]. For example, in longitudinal actions is indirect. Specifically, whereas the muonium’s elec-
fields, the zero frequency contribution to the signal fromtron spin angular momentum is directly relaxed due to colli-

muonium is sional couplings with the paramagnetic spin, the relaxation
of the muon’s spin occurs only because the muon and elec-

S ()= [M—?\l}e_)\ﬂj{)\r?\r e—kzt] tron spins are strongly coupled in the intramolecular spin

u No— N\ 5— N1 dynamics of the muonium radical. The relaxation rates may

be expressed in terms of spin exchange collision cross sec-
17) tions or, equivalently, collision lifetimes. In this manner, the

detailed spin dynamics of the muonium radical is modified

by the direct relaxation of the electron’s spin. However, the
while the zero-frequency contribution to the signal from thedescription of the spin dynamics still only involves the spins

1
XE[1+CO§7]]fMU<IB>ﬂ(O)i

diamagnetic environment is Sandl since the effects of the spins of the paramagnetic gas
\ molecules appear only in the collision cross sections. For
Lgy f At Aot certain ranges of magnetic fields, the signals can be ex-
t)="fp(l + it_eg™h2 i . )
So(0)=folle).(0) No— N1 e e ] pressed in analytic termigl6]. In particular, for the zero-

1 frequency longitudinal experiment, there are two modes, one
X1+ coL 1l 0). 18 that does not relax and is due to the initial diamagnetic frac-
2[ 7wl 18),(0) (18) tion and one that has an exponential decay whose relaxation
rate (which depends upon both the spin exchange lifetime

Here the relaxation rates are and the magnetic fiejagoes to zero for high fields,
NN, 1 S (t)=A,+e MA,,
= f2 f_z\/x%+2>\f>\rcos’-n+>\f, (1= '
(19 Ao=Tp(ls).(0),
NN, 1 2
Ay= + S UNE+ 2NN coSn+ N !
2 2 o VAT fAr r A1=§[1+C0§77]fMu<IB>M(0)'

Again these contributions cannot be individually identified
and it is only the sum of these contributions that is observed,
that is,

N1=siny/27.

In low-field (<10 G) transverse experiments, there are also
L(t)= A+ e MIA, 4+ @—Mat two modes, one of which has an expongntlgl decay whose
S(h=Agte A Te A, (20 rate is determined by the spin exchange lifetime, namely,

where the amplitudes of the observed modes are now

AOZ fD<I B>/.L(0)1

ST(t)=Agcog w,t) +e 1A cog wyt),

A0: fD<IX>/L(0)1
Ay |1 1 (23)
Al:[kz—kl}i[lﬂog”]f“"““ 8)u(0): Ar=5Fuul10u(0),
(21

A2 _
Az={E}E[Hcoén]fhﬂu(l@#(ox Ny =1/27.

For categoriegiii) and (iv), the interaction between the
compare with Eq.(2). This observable signal consists of paramagnetic muonium radical and the diamagnetic gas is
three zero-frequency modes, two of which have pressuredominated by chemical reactions. Since the gas is diamag-
and field-dependent amplitudes and relaxation rates. One aietic, no spin exchange processes occur. The distinction be-
these rates will be slow and the other fast. As the field intween these categories depends upon whether the reactions
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are fast or slow with respect to when the experimental countThe free evolution of the spin dynamics for this category of
ing begins. When the incoming muons slow down in the gassystems are much more complex than those of categ@jies
muonium is produced at high energies through a series aind (ii). This approach has been successfully uggd to
charge exchange procesddsS,26. Further chemical reac- globally fit both the longitudinal and transverse signals for
tions with the gas may occur under either fast or slow conthe radical GH,Mu-. In each of the longitudinal and trans-
ditions on the time scale of the slowing down process. Fowerse field configurations, only one relaxation mode has been

category(iii) (fast processes observed. For both of these cases, the relaxation rates depend
upon the field and pressure.
Mu+X—MuX-, (24) In category(iv), the muons complete their stopping as

. . . muonium radicals before the first count and then react to
the radical MX- is formed before the slowing down process . g ! .
form a metastable paramagnetic radical during the time of

is complete and the first count begins. If this radical is Stableexperimental observation
during the lifetime of the muon, then the observed signal will

be due solely to the radical. Such a situation exists for the Mu+ X=MuX-*—MuX-, (26)
radicals GH,Mu- and GD4Mu- [9-11] when their partial

pressures are large enough. A detailed theoretical treatmenyhere, for exampleX=CO[5,6]. The addition reaction may
with fitting to the experimental data for the former, has beerpe reversible since the product may be an excited state of the
presented by the current authors; see Rgf®,20. The radical or a metastable radical. Further reaction ofXiu
chemical reactions are completed before the radical signal ijay occur to produce a stable radical. As in cateddry,
observed and thus do not contribute to the observed relaxhe muon’s spin is indirectly relaxed, being dominated by the
ation. As for GH,Mu-, the relaxation of the signal is indi- coupling of the muon’s spin to other angular momenta of the
rect, being due to the coupling of the muon’s spin angulatadical, which are in turn directly relaxed by collisions, in-
momentum with other angular momenta, which are in turncluding chemical reactions. Thus categ¢iry) involves add-
relaxed by reorientation collisions. In order that a theoreticaing the complexity of chemical reactions to the spin dynam-
treatment be tractable, it was necessary to make some setig of category(iii). For carbon monoxide and transverse
assumptions about the radical. These assumptions deal witlelds, only signals associated with the muonium frequencies
the free evolution of the radical and its angular momentumhave been observed, while no signal having a radical fre-
properties since it is the dynamical motion of the coupledquency has been sef#6,27. If these reactions were revers-
spin system while the radical is in free flight between colli-ible, the effect of the reverse reactions should show up by
sions that presents the major difficulty in a theoretical treatmodifying the decay rates and amplitudes of the signals as-
ment. The radical has an electron siBna muon spinl,  sociated with the muonium frequencies. A further complex-
possibly other nuclear spins as well as a rotational angulaty is that the muonium frequencies may be shifted since
momentumJ, and various vibrational, bending, and torsional collisions can modify(indirectly) the effective coupling be-
degrees of freedom. To include all of these dynamical quantween the spins. Properties of the radical must then be de-
tities, which are all expected to be coupled, would lead to arluced from measurements of these quantities. Deducing
extremely large basis set and also to the question of whethgyroperties from the longitudinal signals is even more com-
the experimental data are either accurate enough or sufficieplex since there are several zero-frequency modes and the
to uniquely determine all the coupling constants in theobserved longitudinal signal may have major contributions
Hamiltonian and the collisional decay times required to pafrom a number of these as well as from the different chemi-
rametrize all these quantities. A reduction in the size of thecal species that are present. With a finer time resolution it
basis set was required and it was assumed that not all th@ight be possible to observe the frequency-dependent modes
quantities would be important for the bulk phase relaxationof the molecular radicals in the longitudinal experiments,
Three assumptions were made about the dynamics. First waghich would be of great help in analyzing the dominant
that the bending, vibrational, and torsional degrees of freefeatures of the reacting, precessing system. Analytic solu-
dom could be ignored since they are too high in energy taions for the amplitudes and relaxation rates are not possible
substantially contribute to the motion. Second, for the casefor either of these categories.

considered so far, the radical has been approximated as a Finally, for categoriegv) and (vi), spin exchange colli-
diatomic molecule as far as its rotational motion is con-sjonal effects must be added to the chemical and rotational
cerned. Furthermore, the effects of the rotational angular madynamics of categorie§ii) and (iv). The present treatment
mentum were assumed to be well approximated by using does not include these effects.

single average magnitudesince this is large. In addition, a In Sec. Il the coupled quantum kinetic equations for muo-
multipole expansion inJ was carried out and truncated at nium and the radicals are considered, appropriate for the cat-
second order. Finally, the third assumption was that all otheggory (iv) system Mu+ CO. The operator bases for the
nuclear spins, such as protons, may be ignored since thengitudinal and transverse signals are presented in Sec. I,
largest coupling of the muon spin is to the electron’s spinwhile the observable signals are discussed in Sec. IV. A pre-
Thus the spin Hamiltonian for the radical is constructed fromliminary fit of the presently available data is given in Sec. V.
the angular moment§, J, andl and the external magnetic

field B as Il. CHEMICAL REACTIONS AND KINETIC EQUATIONS

Tl =0eB-S—w,B-1+ 0y S| — V"B I+ w¥R*S-J The chemical reactions of interest are the formation of
MUX MUX @ molecular radicals by collisions between muonium radicals
togr I-J+cy1-[I]Y-S, (25  and gas molecules through second-order
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A \s L _
MU + X=MuX-*—MuX- @7 Mvuxe =Rt s, (3D)
'R A =)\
Mux* — MFo
and third-order
N Myjux=A1+\s,
T
Mu+X+Y—MuX.+Y (28) and there is no chemical loss for the stable radical. These

) ) chemical rates may now be related to the spin dynamics
reaction schemes. For the second-order reaction scheme ough a set of coupled kinetic equations.
forward, reverse, and stabilization chemical rates for the o spin dynamics is described by three coupled quantum
metastable radical akeg, Ag, and\s, respectively, while  jinear kinetic equationi28—30, one for each chemical spe-
for the third-order reaction scheme the rate of formation of.ias This motion is generated by four different processes,
the radicgl is\t. These reaction schemes' involve the MUO-namely, the freebetween collision spin dynamics of the
nium radical, a metastable molecular radical ¥t, and @ chemical species, the reorientation collisions that indirectly
stable radical MX.. The gas is assumed to consist of tWo rg|ax the radical spins, the chemical reactions that result in
speciesX, which is reactive, and, which forms a nonreac- the |oss of a chemical species, and the chemical reactions
tive background. When no distinction between the gas molyyat produce a chemical species. Between one collision and
ecules is required, the general notatiowill be used. Inthe  4nother, the spin dynamics for a species is determined by a
second-order reaction scheme, the muonium radical and goyyille superoperator. When the chemical processes are
reactive gas molecule collide to form the metastable radicalyimolecular, the collision effects causing reorientational re-
which may undergo unimolecular decay back to the reactanigation and chemical loss are described by collision super-
or may cglhde wlth another gas moIec_uFe to form the. operatorsk for the collision processes, whose detailed form
stable radical. This metastable complex is presumably eithgt ine same as for the linear Boltzmann equation. The bimo-

a long-lived resonant or orbiting state. The second reactiofycyar production or gain processes that create new chemical
scheme could be associated with the detailed mechanism, species are also described by collision superoperatoné

Boltzmann equation form. In contrast, a unimolecular pro-
cess requires a different form for its dynamic superoperator.

29  The resulting kinetic equations are put into matrix form by
using appropriate spin operator bases.

ivolvi he f . f th ical th h Since there is only one muon in the gas at a time, the
involving the formation of the radical through a standardy, o is passed from one species to another and the remain-
two-step bimolecular collision process. First, the reactant anjg, o the gas is in thermal equilibrium. Thus the kinetic

nonreactant gas molecules are assumed to form complexggations are linear in the deviation from equilibrium. More-

through binary collisions. Then this complex undergoes g, e since the observable of interest is the muon spin angu-
binary collision with muonium, resulting in an exchange re-|5. omentum, the translational degrees of freedom may be
action producing a stable radical. Since b¥tandY species averaged over with the appropriate Maxwellians. The

are present in the gas before_? muon is injecte_d into thEoupled equations for the spin density operators thus become
system, there should be an equilibrium concentration of such

XY complexes, which should be appreciable at the high pres- Iph (1)
sures involved in many of the experiments. That the third- ot
order formation of the radical is important is determined by
its need for fitting the experimental data. That is, without the sp
presence of this pathway, reasonable fits to the data are not Prux+ (1) P P (1)=P S (1)
obtained, whereas with the inclusion of this mechanism rea- at Mux* P Mux« Mux*, MuP Mu
sonable fits are obtained. sp

The pseudo-first-order chemical rate constants for these ~ Ruux=Pyux=(1), (32
second- and third-order reaction schemes are thus functions o
of the concentrations of the respective species according to apﬁu(t)

ot

(30) + Prmux xv*Pru(t)

X+Y = XY*,

Mu +XY* —MuX-+Y,

i Lo () = Py muxs Prmxc (1) = Ruup (1),

+ iﬁﬁuxpiﬂpux(t) = ’PMuX,MuX*pi/IIJuX*(t)
MNe=KipNx, Ar=Kgnyny,

Ar=K:, Ag=KgNyg-

R r S s 'tot _RMuXPﬁ’ux(t)a
While these reaction schemes involve specific second- and o
third-order rates, the spin dynamics is expressed in terms ¢¥nere the molecular spin Liouville superopera® for
the chemical species present. In particular, there will be los§2Ch species is defined in terms of the relevant spin Hamil-
L and gainG rates for each chemical species, that is, tonian by

SPA — Sp
AL =\pt A, LPA=(1/h)[HPA]_. (33

G For bimolecular events, the linearized relaxation superopera-
Au=AR, tor R for speciesx involves the traces Trover the transla-
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tional states of the colliding pair of molecules and the traceThis combined density operator satisfies an evolution equa-
Trs" over any internal states of the reacting gas moleculetion
(speciegZ), of the transition superoperat@}, ; acting on the

in densi P of speci d weighted by th Ip(t)
spin density operatgs,” of speciesa, and weighted by the = —Gp(t) (37)
product of Maxwellian density operatop§™™ for each col- ot

liding species. Incorporating a sum over all the background h time d q is determined b i ¢
gases withn, denoting the density of background gasa whose ime dependence IS determined by a motion generator

typical spin relaxation superoperator is formally G=R—P+iL, (38)
: . consisting of the direct sum of the individual spin dynamical
Sp— int - tr +— tr; mom_mom int _s X . g X
RaPa _; Nz Tr7 T, TrZi T 2L p7 "0 07 03] Liouville and relaxation superoperators for each species, to-
gether with production superoperators between the indi-
=\.pP. (34  vidual species.
The last line of this equation denotes the parametrization of Ill. BASIS SETS

the processes assumed in this work. Both chemical reaction In order to reduce the reaction-precession equaBahto
and reorientation processes are included in these relaxation P 9

superoperators and the relaxation ratgsare appropriate for matn)_( form for its SOIUt.'On’ It Is necessary to. introduce ap-
the processes involving species For the production pro- propriate operator basis sets for each species. The motion

cessesP, these are of three types. The formation of thegenerator must then be determined in this basis. Since it is

stable radical from the metastable is clearly of bimolecula|Ihe v_ector operatak that is to be ohserved, it is suff.|C|e.nt to
. restrict the operator bases to vector-valued combinations of
type and so has the formal structure, for speaiesg,

the vectors describing the spin system. The latter consist of

. ‘ the spin operators and the magnetic field direcBorFor the
pa’BPZPZZ ny TrotTrt Trtzr(—i)%'ﬁlz[p?omp?;omp?tpzp] muonium radical, the vector basis is 16 dimensional, while
z each of the molecular radicals has 95 eleméifitthe rota-
tional multipole expansion is truncated at second Qrder
Thus, to include all three radicals, the full combined basis set

| trast. for th imolecular d itis i iat twould have 206 (16 95+95) elements, with the first 16
fn conl r?st,h_or € unlmotL;]cu ar decay, 1t1s 'Bappr?fr(;ate.laaeing muonium, the next 95 the metastable radical, and the
ormuiate this process in th€ same way as above. A detall€ o g5 the stable radical. Structurally, the muonium radical’s
analysis of how to mathematically formulate this will not be

) . . free motion generator lies in the first X6 diagonal block,
f’j‘“‘?mpted here, but it shou_ld be reco.gmzed that.th|s Procesge metasta%le molecular radical's free mo?i(itiouville)
s just part of the continuing evo!utlon of the Interacting generator in the next 9695 diagonal block, and the stable
Vrcr?életc#;ar ;rr?grgemz svvizatinlilu%fir:ntfr:(;s:ni)olgggllaslr Vrv(igii(';molecular radical’s in the final 9695 block of the generator
X PPENS pin, 9 - matrix. Reorientation rates for the molecular radicals will lie
during formation and breakup of the metastable radical. In

. o : . In the respective 98 95 blocks and cause direct relaxation of
this work this is modeled as a simple overlap of the spin Stat(?he spins of their respective radicals. In contrast, the chemi-

before and after the reaction. When there are two fragment%al reaction gain rates couple the different blocks, while the

each carrying some angular momentum polarization, the P emical reaction loss terms again lie within the appropriate

state is taken as the product of the spin states of the twaiagonal blocks. As a non-Hermitian matrix, the eigenvalues

fragments. - . . ... are complex. These are to be determined, together with their
For the collision superoperators describing relaxation, it is

assumed in the following that the collision superoperator actassociated eigenvectors, and used to calculate longitudinal
. g th Peroperax and transverse signals for comparison with experiment.
only on the rotational motion of the molecule, specifically

not on either the muon or electron spins. This is based on idowever, symmetry can simplify the calculations. Specifi-

rationale that the muon and electron spins do not inherentlga"y’ the presence of the magnetic field implies that the spin

play a direct role in the collision process and so their stateéyStem satisfieS..., symmetry and the vector valued bases

should remain unchanged during the collision process Asplit into longitudinal and transverse subbases. The latter fur-

. ; 2. o ."ther split into counterclockwisé+) and clockwise ) ro-
similar argument for reactive collisions implies that the Spmt?ting bases. This was the method used in R@f,20) for

states are passed directly from the reactant to the produ%e GH,Mu- problem and is used in the current description.

:)\a,ﬁpzp' (35)

with no change. These assumptions will be expressed qua he block nature of the motion generator in the full basis

titatively after appropriate basis sets for the spin systems are_ . . .
presentyed pprop pin sy carries directly over into the reduced bases.

To numerically solve the set of coupled rate equation ec-lzlk:'; ?aedr?s;?l\}vggcégggﬁ&%dinogzgzgorggatsf esiiteIov:/i?h mo-
(32), it is convenient to embed all the spin density operatorq <3, 109

for the species containing the muon, namely, for the muo-he evaluation of the motion generator in this basis. The re-
nium radical, the metastable molecular radical, and the stabl%uc'tIon to the Iongltudlnal ar}d transverse basis sets were
molecular radical, into one large operator space extracted by selec_tlng out part_lcular s_calar component_s of the
vector valued basis. The details of this reduction are given in
o sp . Refs.[19,20. Here only the longitudinal and counterclock-
P(1) = prau(t) @ Py~ (1) @ ppux(1). (380  wise transverse bases are explicitly discussed, with the ex-
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press purpose of calculating the matrices that describe thadexing is chosen so that muonium has <5, the meta-
chemical reactions. stable radical has €$N=<40, and the stable radical has 41
<N=75. Since the molecular radicals have the most com-
plicated structure, their basis sets are described first.
Both the metastable and stable molecular radicals can be
When reduced to the longitudinal configuration, the basiglescribed using similar basis elemef1®,20. The meta-
@ [19,20 consists of 75 elements: 5 for muonium, 35 for stable basis is a function of the three spin vectors, J,
the metastable radical, and 35 for the stable radical. Thand the field directior8, that is,

A. Longitudinal basis set

Oy=2a+ 1YY M (S O™V (m,n, a)O*V (a,p,r)OPTTII(B)IP(1), 6<N<40. (39

The stable radical basis elements will have the same formyes and eigenvectors, which can then be related to the ob-
but the numbering is 4&N=<75. The notation for irreduc- served signals. Free-motion Liouville spin dynamical matrix
ible Cartesian tensor3(™, n-fold tensor contractior®(™, elements have been discussed in RE9,20, as have the
and Clebsch-Gordan tensoM(m,n,a) follows that of collisional reorientation matrix elements. The former are
Coope and Sniddi31,32. These operators form part of the quite involved, while the latter are assumed to be diagonal,
75-dimensional basis that is orthonormal with respect to thevhose diagonal elements are the reciprocals of the corre-
inner product sponding reorientation collision lifetimes. These lifetimes
depend on the rotationall angular momentum indeRr,
Tr f dBY'Z being finite ifnis nonzero and infinite fon equal to zero. As
) S ' stated earlier, the rationale for this parametrization is the
(400  assumption that the electron and muon spins play a negli-
) o ) gible role in the collision process, so they should neither be
For each molecular radical, the numerical indéis used 10 affected by nor influence what happens to the molecules ori-
classify, in some convenient order, the set of parametergntation. Since the rates are inversely proportional to the
mnpra [20]. _ . . lifetimes, there is no relaxation for the scalar component of
For muonium, the basis requires only the coupling of theqhe angular momentum tensorial behavior. The lifetimes are
electron’s spinS, the muon’s spirl, and the magnetic field giso inversely proportional to the “total” number density of

1
(MZ2h= @ Desi D@

direction B, which is a special case of E(9), the gas since it is assumed that all collision partners are
~ equally efficient at causing reorientation or, equivalently,
D= ™(S O™ (m,p,r)O" PP (B)PP(1), that the difference between reorientation collisions of the

molecular radicals with the different gas molecu¥eandY
1<=Ns=5. 4)  may be ignored.

There are six different chemical reaction rate superopera-
tors to consider, the first two being the loss and gain terms
for the muonium radical. The loss term,,, represents the
Joss of muonium due to the forwar@ddition reaction that

roduces the metastable radical Xt and the exchange
Feaction producing the stable radical Xlu Furthermore, the
reactant gas molecules are assumed to be in thermal equilib-

Flnal:y, f?@r(ttr;]e tb_rela_lkl)(up tredactlon WAt _’MU’LXH. t::e rium so that only then=0 rotational angular momentum
gas molecu at Is liberated may carry away whichever Lerm for the reactanX molecule will contribute. This chemi-

tensorial component of the rotational angular momentum o al reaction rate superoperator is in the 5 muonium block

the metastable radical was present at the time of react|or6.f the full motion generator matrix. Specifically, the matrix

Thus a b_aS|s element for this molecule is reqwred €VeRlements for the loss of muonium are assumed to be of the
though it is lost to the background gas. The basis element%rm

N is an index for this portion of the basis referring to the
indiciesm, p, andr, which represent the tensorial nature of
the electron spin, the muon spin, and the magnetic field di
rection. Each of these bases are orthonormal within thei
species blocks. It is also to be recognized that they are to
taken as orthogonal between blocks.

X_ 1 y(n)(J)@ny(n)(é) (42) <<¢)N|RMU|®N’>>:)\kAU5NN” 1<=Ns5, (43

P v2n+1

wherey, is given by Eq.(31). This loss term is diagonal in
are orthonormal with respect to each other. On the othethe muonium block since the collisions causing chemical re-
hand, when the formation reaction occurs, only the scalar oaction are assumed to have no direct affect upon the spins of
n=0 component will be allowed since the background gas ishe muonium radical as it adds to molecXer reacts with
assumed to be in rotational equilibrium, specifically havingthe complexxXY.
no directional preference for its rotational motion. The second is the gain term for the muonium radical. This

Matrix elements of the motion generaf@@) in this basis  term Py, yux+ represents the gain of muonium from the

are required to numerically solve for the complex eigenval-breakup of the metastable radical XId in a unimolecular
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process. This chemical reaction rate superoperator lies in therm for the reactanX molecule will contribute and thus
off-diagonal block of the motion generator that couples theonly the scalar tensorial component of the metastable radical
metastable radical to the muonium radical. In the breakupvill be formed. This chemical reaction rate superoperator
reaction it is assumed that the liberated gas moleXuleay lies in the off-diagonal block of the motion generator that
carry off the tensorial component of the rotational angularcouples the muonium radical to the metastable radical. Ma-
momentum of the metastable radical. Since this gas moleculeix elements of this superoperator in the longitudinal bases
becomes one of the molecules in the bulk gas, this nonequare explicitly

librium angular momentum is lost and will thus play no fur-

ther role in the spin dynamics. On the assumption that the ((® | Puuxe ol Pr)) =\ e Sy Sn0Bppr Srr# Sy  (46)
muon and electron spins have no effect on the collision pro-

cess, it follows that the matrix elements of this superoperatojyhere 6<N<40 and (N’<5. Again the chemical reac-

in the longitudinal bases reduce to the overlap of the comtjons are assumed to be independent of the spins of the muon
bined basis for the muonium and the moleclewith the  anq electron so that the tensorial nature of these spins is the

metastable molecular radical, that is, same for both radicals. The production of the stable radical
it X by the third-order reactiof28) is assumed to have the same
<<q)N|TrX q)n[PMu,MuX‘]|q)N’>> form
G X
_)\M“«(IJ”CDNlCDN,)) <<(I)N|PMuX,Mu|(DN’>>:)\Tamm’5n05pp’5rr’5amy (47)

_yG ’ 7
= MyuOmm Onn Spp V(2" +1)(2r +1)(2r" +1) where 4N<75 and &N’ <5.

r r’ n The final collisional term is the gain of the stable molecu-
><(—1)9*“'“'(—1)““'*”)’2( lar radical by stabilization of the unstable radical. Note that
000 there is no loss terrfik,,,x for chemical reactions since this
{m p T } radical is stable. However, as stated above, there will be
X e

(44) reorientation loss terms for this radical. The gain term for the
stable molecular radicéy,x mux+ represents the gain of the

, stable molecular radical from the stabilization reaction dur-

where 3:=N<5 and 6<N'<40, () and{ } are the standard ing a collision between either molecular gdor Y and the

3-j and 6§ symbols[33], and\y, is given by EQ.(3D.  petastable radical Me*. The chemical reaction rate for this

Again, since the chemical reactions are assumed to be 'nd%rocessk is assumed to be the same for reactions ofMu
. . S

pendent of the spins of the muon and electron, the tensoriglis, ejtherx or Y. This chemical reaction rate superoperator

nature _of these spins is the same for both reactant and prolz5 in, the off-diagonal block of the motion generator that

uct radicals. couples the stable radical to the metastable radical. Explic-

The third and fourth chemical reaction rate superoperatorgy, ‘matrix elements of this superoperator in the longitudinal
are the loss and gain terms for the metastable molecular radi;sis gre

cal. The loss termR,,,x+ represents the loss of the meta-

stable radical due to the decomposition reaction, which pro- _

duces muonium, and due to the stabilization reaction, which e R T

results in the stable radical Mu. Collisions with either mo- =NSON(N’ +35) » (48

lecular gas speciexs or Y may contribute to both these pro-

cesses. This chemical reaction rate superoperator lies in thehere 4kN<75 and 6sN’=<40. Again the chemical reac-

35X 35 metastable radical diagonal block of the full motion tions are assumed to be independent of the spins of the muon

generator matrix with its matrix elements assumed to be o&nd electron so that the tensorial nature of these spins is the

the form same for both reacting radicals. For the rotational angular
momentum, it is assumed that the stable radical’'s angular

<<(DN|RMuX*|CDN’>>:)\II\_Aux*gNN’ , (45  momentum tensorial component is the same as the metasta-

ble’s in the stabilization reaction.

r' n a

for N between 6 and 40 and;, . is given by Eq(31). This

loss term is diagonal in the metastable radical block since the

chemical reactions are assumed to have no direct affect upon B. Transverse basis

the spins of the eIec'tr(_)n and the muon. For the rotational g, C., symmetry, a right-handedcompley three-
angular momentum, it is assumed that the gas moleXule yinensional coordinate system may be constructed from the
carries off the appropriate tensorial component in the decom- L AT A . . .
position reaction, while for the stabilization reaction, all the Magnetic f'eAId -(illl’eCtIOI‘B=Z, the po§|t|vely ro_tatlng_ unit
stable radical’s angular momentum tensorial form will be thevectore, = (x+ iy)/\2, and the negatively rotating unit vec-
same as the metastable’s. The fourth reaction is the gain tertor e_ = (x— iy)/\/2. The positively rotating unit vector can
for the metastable radical. This tefRy,x- m, represents the be used to construct the transverse basis[19,20. In the

gain of the metastable radical from the formation reactiorpresent system, this basis has 64 elements: 4 for muonium,
between muonium and a reactive gas mole¢ulds before, 30 for the metastable radical, and 30 for the stable radical.
the reactant gas molecules are assumed to be in thermal eqiis with the longitudinal basis, both the metastable and stable
librium so that only then=0 rotational angular momentum molecular radicals can be described using similar basis ele-
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ments[20]. The metastable basis will be a function of the three spin vettdss andJ and the positively rotating vecter, ,
that is,

Vy=(2r+3) \/%ymu)ym)(&@m”wm,n,a)@awa,p,r+1)®f+1V(r+1,1;)®'+1+pyf>(é)é+yp>(|),

5<N=34. (49

The stable radical basis elements have the same form, but the numberingNs<34. Again the numerical inde for the
molecular radicals is used to classify the set of parameterpra [20]. For the muonium elements €&IN<4), the basis

requires the coupling of the electron’s sgBnthe muon’s spirl, and the positively rotating vecta, ,

Wy=(2r+3) \/é)ﬁm)(S)GmV(m,p,rnL 1OV (r+1,15)O 1Py (B)e, YP(1), 1<N=4. (50)

This four-dimensional part of the transverse basis is orthoperoperator is the gain term for the muonium radical

normal and is a special case of E@9). The indexing Py,mux+ because of the decomposition reaction. There are
schemeN for this portion of the basis involve®s, p, andr,  two contributions to this gain term, depending upon whether
the tensorial orders of the spins and the magnetic field. Fothe muonium or the liberated gas molecule carries off the
the decomposition reaction from Mu* to Mu andX, the rotating tensorial component. This chemical reaction rate
gas moleculeX that is liberated may carry away whatever matrix lies in the off-diagonal block of the motion generator

tensorial component of the rotational angular momentum ofhat couples the metastable radical to the muonium radical.
the metastable radical was present at the time of reaction. When the muonium carries off the rotational tensorial com-

is also possible for either the muonium X¥1to carry off the  ponent, this reaction matrix becomes
rotatinge., tensorial component. If the muonium carries off

the rotating tensorial component, the above muonium basis V| Trit X P, s
will be coupled to the gas molecu(®ngitudina) basis (TRl P o 1))

= Nu{( PPN W)

.1 YW (J)OYM(B). (51)

®
" n+1

However, when theX molecule carries off the rotating ten-
sorial component, the two bases are, for muonium And
respectively,

Oy =™ (S)O™V(m,p,r)O"PII(B)PP(1),

(52
[2(29+3)
V= —arz

XPITD(J)OI LV (q+1,19)09 1YY (B)e, ,

where the subscripts distinquish these bases from the previ-
ous bases. Each species block of this basis set is orthonormal
within itself and required to be orthonormal between the spe-
cies blocks.

As with the longitudinal field, there are six different
chemical reaction superoperators to consider. The chemical
and spin arguments for the behaviors of these transverse ba-
sis matrix elements are the same as for the longitudinal situ-
ation. For the first reaction superoperator, the matrix ele-
ments for the loss ternRy, lies in the 4<4 muonium
diagonal block of the motion generator matrix

(VN Rl )Y =Apubunr,  1SN<4. (53
This loss term is diagonal in the muonium block and is due
to the addition chemical reactions. The second reaction su-

—\G +r'+a’+1
= NuSmm Snnr Sppr (— 1)PHT e

(2r+3)(2r' +3)\2a' +1

X
V2n+1)(r+2)(r' +2)
[n r+1 r’+1J
X ’ Thrres (54)
p o m

where 1=sN=<4, 5<N'=<34, and the coupling coefficient is

Tape=(—1)@TP+O2/(25+1)(2b+1)(2c+1)

a b c):a b+1 c+1

“lo o olt ¢ b
+(—1)(@rbror (2a+1)(b+1)(c+1)
(2b+3)(2c+3)

a b+1 c+1

X —i _ 1)\l +(a+b+tc+1)/2
o o o) 12D
b |
X (21+1)\6(2a+1)(2b+1)(2c+1)
0 00O
a b+1 c+1
a | 1
X 0 o 0) Il b c !. (55

1 1 1
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The last set of curly brackets in this equation is a standardontribute to the signals and thus need, in general, to be
9-j symbol[33]. On the other hand, when the gas moleculeincluded. As depicted in the Introduction, the observable sig-
carries off the rotational tensorial component, this reactiomal is the sum of the contributions from each chemical spe-
matrix becomes cies. These contributions cannot be individually identified in

it X G X the experiments.
(D[ Try ‘I’q[PMu,Mux*“‘I’N'»:)\Mu«‘l'q‘I’MH'N'»
A. Longitudinal signals

= NuBmay Onr (g 1) Fppr (—1)PTITTHA 12217 4 3) _ _ _ S
The experiments carried out in longitudinal field detect
the component of the muon spin in the magnetic field direc-
Trqrr tion. There will be a diamagnetic fractidi, at the zero of
count time that plays no role in the chemical dynamics and a
(56)  fraction that plays a role in the chemical dynamics. Thus the

y \/(2a’+1)(2q+3)
(g+2)(r'+2)
o signal can be expressed in terms of the longitudinal basis
where I=M =4 and 5<N’=<34. The total contribution from  [20] ysing

this gain rate is a weighted sum of the two separate terms
Whe_re_in the weightgy, andgyx (guut+ g_x=1) are takento  g-(t)= B-(I)(t)=Tr,l§-lp(t)
be fitting parameters. These rate matrices are due to the re-
verse(decompositioin chemical reaction. 1
The third and fourth chemical reaction matricies are due = 5 (Pt Dot Dyrlp(1))) +fo(le), (61
to the loss and gain terms for the metastable molecular radi- o
cal. The loss ternRy,x+ represents the loss of the meta- where®,, ®¢, and®,, are the elements of the longitudinal
stable radical and lies in the 30 metastable radical diag- basis that represent the longitudinal component of the

r g+1 r'+1
a' p m

onal block of the motion generator matrix muon’s spin angular momentum in each of the radicals
. present in the chemically reacting system. The time depen-
W Rvux P e )y = Ny e ONN? (57 dence, which is governed l§j; can be expressed in terms of
MuX

. o _its eigenvalue&]-‘ and eigenfunctions
for NandN’ between 5 and 34. This loss term is diagonal in

the metastable radical block and involves the loss of the
metastable radical, both to muonium by and to the stable @j= 2 DdyCjy (62
radical byAg. The fourth reaction matrix is for the gain of N=1

the metastable radicahyx+ - This chemical reaction rate j the |ongitudinal basis, namely,

matrix lies in the off-diagonal block of the motion generator

75

that couples the muonium radical to the metastable radical S
5 p(t)=e"%p(0)=2, e %¢;p;(0)
<<‘PN|PMUX*,MU|‘I,N’>>:)\Mux*5mm’ é\noé\pp’ 5I’I”5am! =1
(59 75
_ _ = e NtpH(0). 63)
where 5<N=34 and =N'=4. The third-order production <! J

of the stable radical is analogous,
The observed sign&b1l) is thus a sum of complex exponen-
(NI Prtaxt, ma W' )) = N1 8mmy 8noBppr Orr 1 Bam,  (59)  tials and amplitudes

where 35cN<64 and kN’'<4. The final reaction is the 75 .
gain of the stable molecular radical by stabilization SH(t)=Ag+ > e NP (0)((1+DPpt Dyg @)))
Pumux,.mux+- The chemical reaction rate for this process és =1

while this chemical reaction rate matrix lies in the off- 75
diagonal t_)lock of the motion generator that couples the =Ay+ >, e‘”JLtij(O)[c}'1+c}‘6+c}-4l]
stable radical to the metastable radical =1
<<\PN|PMUX,MUX*|\PN’>>:)\S‘Smm'5nn' 5pp’ 5rr'5aa’ :AO+§ ef)\}-tA}_, (64)
= NsON(N’ +30) » (60) =1
where 35<N<64 and 5<N' <34, whereA,=3fp . For the experiments involving8,Mu- at

high partial pressure, the muon slowed down, formed muo-
nium, and reacted with ethene to form a stable radical, all
before counting began. To fit the data, it was sufficie]

The experiment$5,6,13,27 are carried out in either the t0 assume that at the zero of count time, only the muon spin
longitudinal or the transverse configuration. An identificationwas out of equilibrium and that this spin was pointed in the
of what formal quantity corresponds to what type of signalB direction. However, for a system such as the reaction with
that is measured in the,&8,Mu- problem was presented in CO, where the muon slows down, forms muonium, and then
Ref.[20]. This result must be extended to include the differ-reacts with the gas after counting begins, the proper initial
ent chemical species that are present since all species catate to be used in the theoretical calculation becomes ques-

IV. OBSERVED SIGNALS
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tionable. Specifically, there is the question as to whether L

there is some probability that the muon needs to be treated as SH(t)=Ao+ EL: e 7i'Af. (70)

if it is attached to the molecular fragment at the initial count I505=0

time. The present treatment allows a fractibgy, of the ) )

muon spins to be in muonium and a fractifg,y- where the S}nce, in general, there may bg a number of modes t.hat con-
muon spin is attached to the molecul@here is also the tribute to t_hg observed _S|gnal, f!ttlng problems can arise. F_or
fraction f, that is diamagnetic at the zero of the count time®X@mple, it is not possible to distinguish the chemical envi-
and plays no role in the subsequent precession-relaxatidifnment that the muon is in, that is, it may be in any of the
dynamics) Formally this is the requirement that the initial SPECiI€S present in the gas. Thus all three radicals need to be
muon spin expectation vaIL(e)=I§/2 is to be interpreted in included in the theoretical description of the longitudinal sig-

o ; . nal. In addition, there may be some fields and pressures
the nonequilibrium part of the spin density operator as . :
where only a single mode is populated and others where two

1 1 75 or more modes contribute. Care must be taken both in car-
"e0)==fy P +=f Dg= >, o-p-(0 65 rying out the experiments and in their theoretical interpreta-
p"10) 5> Tu®1t 5 fmuxPe= 2, @5 P; ( ). (69 _ . o
=1 tion to ensure that these various situations are treated prop-

erly.
This sum over the eigenvectors needs to be inverted in order

to identify the expansion coefficientﬁ(O). Since the mo-
tion generatog is not Hermitian or even necessarily normal, . . ] ]
the eigenvectors are not necessarily orthogonal. Thus the in- The experiments carried out in transverse field detect the

version requires the use of the eigenvector overlap matrix component of the muon spin that rotates in the plane perpen-
dicular to the magnetic field direction. Here this is analyzed

L UL » e L according to the positively rotating component of the spin,
Oi=((¢] |¢k>>=NE:1 CjN Ckn - (66)  thatis,

ST () =e. (1))

B. Transverse signals

In this way, the expansion coefficier11$(0) are calculated

to be N 1
e =fDe+-(|>(t)+E((\Ifl+\lf5+\lf35|p(t))>. (71

p}<0>=k§l [(OY ik({ ekl p"™(0)))

75

As with the longitudinal signal, this transverse result may be
expressed as

=52 [OH il fucid + -, (67) . e
s+(t):§fDe-'wut+2 e MA, (72)
j=1
while the amplitude of the signal in thj¢éh eigenmode of is :
175 where the amplitudes are the transverse analogs of the lon-
- itudinal amplitudes, specificall
A}_:Z(gl [C}_1+C}_6+C}_41][(OL) 1]jk grtudi P pectcally
64
X[l + Frnx-Cics - (69 Af=52 [efitclstclsll(0)
The complex e|genvalueq-— 7y +iw; may be expressed in X[fMuCH I fMux*CIE‘], (73)

terms of relaxation rates;}' and frequenciess". For the

longitudinal setup, some of the frequencies will be zero anq,nqer the same assumptions about the initial nonequilibrium

the signal can be expressed as the sum of contributions frorﬁhrt at the zero of the count time. The complex eigenvalues

eigenvalues of zero and nonzero frequency N =7/ +iw] may also be expressed in terms of relaxation
ratesnjT and frequencieta‘»jT . For the(real-valuedltransverse

SHt)=Ay+ E e ”iLtA-L signal, none of these have zero frequency, so that the real
0 j ! . . ! R
jaij:o part of the signal becomes a series of damped cosines
I L Ly[ AL 1
+' ELJ&O e 7 COS(w]-H- 0J)|AJ | (69) ST(t):R§+(t):§fDCOSQ)Mt)
jaa)j

64
since for egch term with fr?quen@g]% there is a correspond— n E o "JTtCOS( olt+ oA (79
ing term with frequency- »; and complex conjugate ampli- =1 ! 1
tude. Thus for each mode a relaxation rate and an amplitude
may, in principle, be measured. In carrying out the experi-Thus for each mode there are four observable quantities: the
ments, the nonzero frequencies are found to be too large telaxation rate, the frequency, the phase angle, and the am-
be measured, so that the signal is then simply given by thelitude. As opposed to longitudinal fields, the additional ex-

zero-frequency components perimental information of the different observed frequencies
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TABLE I. Preliminary global fitting parameters. duces 4 reaction rate constahkig, ki, k;, andkgs and 2
breakup fractiongy, and gx in transverse fields. Finally,

Parameter Value Error there are 2 initial fraction$y, and fyx+. To determine all
wo (radjus) 3830.0 800.0 these paramet_ers unambiguogsly requires a large amount of
wsg (radjus) ~85.0 11.0 acgurate data in both the longitudinal and transverse configu-
ok (radjus) ~37.0 10.0 rations. ,
v, (radjus G) 0.070 0.25 Experlments have'been per_formed and are currently being
K, (cnfls) 3.39¢ 10~ 13 1.08x 10" 13 'perforlmed with Fhe diamagnetic reactant gas carbon monox-
Kiy (crls) 1.74¢< 10~ 11 0.83x 10~ 1 ide with and yv!thout argon al_wd nitrogen as dopant_gases
ke (cmPls) 35.3¢ 10~ 3 10.1x 10-3 [5,6_,2_3. The fitting and analysis of the raw datq are |n_the
K (1/5) 16X 10° 0.54% 10° preliminary phas¢6,27]. At present, preliminary fits of this
k, (cmls) 7 871016 8,69 10~ 16 raw data to Eqs(2) and(3) have been performed under the

assumption of single exponential relaxation modes. Since the
target gases are all diamagnetic, no spin exchange processes

can be of immense help in the fitting procedure, provided, ofccur and only the indirect effects of the chemical reactions

course, the amplitudes are nonzero. and the reorientation collisions of the molecular radicals
cause the muon spins to relax. In longitudinal fields, the
V. DISCUSSION assumed, and fitted, single zero-frequency relaxation mode

has a rate that varies with the field and pressure. In general,

The theoretical description of the signals associated withhis rate decreases with increasing field. As relaxation of the
the muon spin relaxation of muonated gaseous radicals hasuon spin does occur, there must be a mode of decay of the
been extended to include situations where the radicals amolecular radical since, if there were only forward reactions,
formed in slow processes as opposed to fast processes. Rben no relaxation of the muon spin would be observed; see
fast processe&ue to a high enough partial pressure of theEgs.(11) and (17). This decay can be associated with a re-
reacting gasthe muonated radicals are formed before dataserse chemical reactiofb,6] as well as spin reorientation
collection begins and are stable and their observed dynamand the stabilization of the molecular radical. In transverse
cal modes are relaxed through reorientation collisions. Offields only the two modes having the lowest frequencies that
the other hand, for slow procesg@s low partial pressures of are close to those associated with muonium have been ob-
the reacting gasg¢svhere the radicals are formed during the served[5,6,27 and no precession-relaxation modes have
period of time when data are being collected, the chemicabeen observed with frequencies that are close to the MuCO
reactions play a role in determining the precession-relaxatioradical frequencies. This suggests that the observed modes of
modes of the muon system, as do the reorientation collisionselaxation have a large muonium component and that the
In the current approach, it is assumed that there are thredecay rate of the molecular radical dominates the forward
different radicals that are important, specifically, the muo-rate to such an extent that the metastable radical does not
nium radical and both unstable Md&- and stable MiX- have an appreciable lifetime on the minimum time step of
molecular addition radicals. As a consequence, there amhe experiments, which is a few nanoseconds. For interme-
22 possible parameters to be fit to the experimental datdiate fields where the two modes are resolvable, the relax-
under the full theory, which consist of the following: For ation rates agree within experimental uncertainty, while for
each molecular radical, there are five frequencigsw; lower fields, where the frequency difference is not resolv-
=1vy;B,wsr, g, and g that characterize the spin Hamil- able, only a single exponential decay rate has been used to fit
tonian[see Eq(25)] and two reorientational relaxation times the experimental data.
71 and 7, for a total of 14 parameters associated with the Preliminary fittings, both of the raw data to Eq8) and
motions of the two radicals. The chemical dynamics intro-(3) assuming single exponentials and of the resulting relax-

30

Ty FIG. 1. Experimental longitudinal muon spin

relaxation rate versus magnetic field in 40.0 atm
of pure CO. The solid curve is the global fit,

while the squares are the experimental points
with estimated errors. The dashed line is the next
lowest relaxation rate with appreciable amplitude,
while the dash-dotted line is the third lowest rate.

Rates (1/ps)

104

Field (kG)
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0.8 +
-%3 *] FIG. 2. Predicted longitudinal amplitudes.
Z The solid curve is the amplitude of the lowest
& 0a{Vs mode, the dashed line is the amplitude of the next
,‘\ lowest mode, and the dash-dotted line is the am-
Il N plitude of the third lowest mode.
02 { \\\,‘f’ _______________
S TNl TTmmme—— L
\, '/ e e i LTS e
\'\_/
0.0 +
0 10 20 30 40 50
Field (kG)
ation rates to the theory presented in this paper, indicate that Kb
the present theory appears to be sufficient to fit the experi- R= Kip T Kyny (76)
t

mental data. For the preliminary theoretical fit, the parameter

set has been reduced to nine parameters since the inclusion

of more parameters does not improve the fit and also resultghis takes into account the fraction of the molecular radical
in very large uncertainties in the parameters. With this limi-that is metastable. It was further discovered that the inclusion
tation in mind, the fitting was carried out by combining the of the dipolar coupling constan, did not improve the fit, so
components of the density operator associated with the metgs presence was ignored by settiog equal to zero.

stable and stable radicals. This approximation cuts down the The fit was now carried out a||owing variation of the four
size of the matrices and assumes that the Hamiltonian paramrequenciessy, wsgr, ®;r, andw;=y;B, one reorientation
eters of these species are essentially equal. Since the mefatek,=1/r,, and the four chemical ratds,, k¢, k, , and
stable and stable radicals are not distinquished in this ag_. with this limited set, a preliminary simultaneous global
proximation, the gain and loss rates for the chemical speciegt to hoth the longitudinal and transverse data was accom-
Mu and Ra(composite of metastable and stable radicals plished with the parametric results given in Table I. Repre-

have been adjusted to mimic the chemical kinetics as sentative longitudinal and transverse results are given in
Figs. 1 and 2 and Figs. 3 and 4, respectively. Experimental
A =Ne+tAT, AS,=R\g, rates are depicted as are theoretical rates and theoretical am-

(75) plitudes. Hovye;yer, ;in'ce the datq are still in a preliminary
TR AL = RIAr+Aq] stage, a def|n|t_|ve fit is not possible and awaits the more

Ra™ *F T 4T Ra RT Ash detailed analysis of the raw data by Fleming’s group. For

longitudinal fields, the preliminary theoretical fitted relax-

where the parametétis the ratio of the formation rate of the ation rates are depicted by the solid line in Fig. 1. The
metastable radical to the sum of the formation rates of botldashed line is the relaxation rate of the next lowest mode
radicals, having significant contribution to the signal and the dash-

FIG. 3. Experimental transverse muon spin
relaxation rate versus magnetic field at a total

1 pressure of 351.0 atm. The squares are the
1 % % % lowest-frequency experimental data points with
estimated errors for a CO pressure of 0.0036 atm,

while the solid curve is the fit. The dashed curve
is the predicted relaxation rate for the higher-
frequency mode.

~
—0—
P
r
[
]
1
]
i
]
I
|
1
1
I
1
1
|
1
1
1
|
|
1
1
|
1
|
3
]
1
1
¥
1
|
i
]
|
|
|
1
|
|

Rates (1/us)

—
N
y

Field (G)



PRA 58 THEORY OF MUON SPIN RELAXATION OF Mu-CO 4445

0.8

0.6 +

FIG. 4. Predicted transverse amplitudes. The
solid curve is the amplitude of the lowest-
frequency mode, while the dashed curve is the
S amplitude of the second lowest-frequency mode.

~—

04 4+

Amplitudes

02+
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0 20 40 60 80 100
Field (G)

dotted line is the third lowest. Predicted amplitudes for thesgroportional to the reduced mass of the proton or the muon.
modes are given in Fig. 2. That is, these lines represent thoSehus, if the difference in isotopes is only due to this product
modes with appreciable muon amplitudes that have the threaf collision frequencies, then the MuCO rate would be 9
lowest relaxation rates. Since the preliminary fit appears tdimes the HCO rate. The current preliminary fit thus suggests
be reasonable, it is suggested that the raw data be reanalyziwt there are further effects with muonium that speed up the
with at least two exponentially decaying relaxation modeseaction. Clearly, a difference in tunneling probability could
present. For transverse fields, the preliminary theoretical fibe involved, but it should also be stated that the present
to the data suggests that the relaxation rate associated wifitting values are based on an interpretation of how the muon
the higher of the two frequencies is larger over the depictedpin is affected during the chemical reactions rather just on
field region than the lower-frequency relaxation rate. How-the numbers of molecules that react. It is also of interest to
ever, for intermediate fields where the frequencies can baote that this pseudo-third-order rate is equal, within uncer-
distinquished, the theory predicts that the relaxation rates amainties, to the fitted third-order rakg, that was required for
within experimental uncertainty of each other. On the othem reasonable fit. This gives further justification for the inclu-
hand, for lower fields £30 G) where the frequencies are sion of the third-order reaction mechanism when describing
not easily resolvable or not resolvable at all, the preliminarythe spin dynamics. Another comparison that may be made is
theoretical fit suggests that the two exponential decay ratesith the isotropic hyperfine constani,. Both experimental
are sufficiently different that they should be resolvable andHCO [35] and theoretical MuC(Q36] values exist; see Table
that two exponential modes should be present. However, thié. Thus the current fitted MuCO value is less than the theo-
amplitude of the largest relaxation rate rapidly approachesetical MuCO[36] value by a factor of 2.3. Since the current
zero with decreasing field and the range where the two difresult is preliminary and the term in the Hamiltonian associ-
ferent relaxation rates should be resolvable might be smalhted with this parameter depends upon neither the field nor
Only reanalysis of the raw experimental data will confirm orpressure, such a result is not unreasonable. Finally, the spin
deny these theoretical predictions based upon the presergtation constantugg for MuCO is compared with that for
preliminary fit. HCO. For HCO, the components of the anisotropic spin ro-
Although the fit is preliminary, it is still possible to make tation tensor are listed if85], but approximating HCO as a
rough comparisons with data for the relatively well studieddiatomic molecule, as is done in the present paper for
HCO radical; see Table Il. The reaction rate of hydrogen andMuCO, it is appropriate to average only those tensor compo-
carbon monoxide with an argon moderator has been studiedents that are associated with directions perpendicular
with the value[34] for the third-order rate constaht, as  (roughly) to the CO axis; compare the leading term of Eq.
given in Table II. For the current fit a comparable rate con-
stant is given by the ratio of the product of the forward
binary rate and the sum of the stabilization rate and the ro-

TABLE Il. Comparison to HCO data.

tational relaxation rate divided by the unimolecular decay HCO MuCO MuCO
rate Parameter (experiment (present fit (theory)
wo (radjus) 2337.0° 3830.0 8760.0
wgr (radjus) —589.0° —85.0
o:M- 77 ko (cnfs) 154¢10°3¢  33.6x10 %
Ky ke, (crrf/s) 35.3¢ 103

The value for MuCO determined in this wésee Table llis  2Referencd35].
a factor of 22 larger than the HCO rate. As this pseudo-third®Referencd 36].
order rate is constructed from the product of bimolecualrReference$35,37.
rates divided by a unimolecular rate, it should be inversely'Referencd34].
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(6) in Ref.[37]. That is the literature value listed in Table Il. zation of the bimolecularly produced metastable radical
Thus, while preliminary, the fitted values of the parametersgyields a stable species that is not included. Possibly the
are of the order of what would be expected based upon hyformer product is a metastable radical in a different excited
drogen atom data. state so its subsequent reactions are different. On the other
While the preliminary nature of the experimental data andland, possibly a stabilization reaction is sufficiently disrup-
the various approximations made for the collisional spin dy-ive that it causes a loss of coherence of the spin polarization,
namics do not allow a definitive evaluation of the spin cou-Whereas the bimolecular addition and exchange reactions al-

pling parameters and reaction rate constants to be made, tHV @ preservation of the spin polarization. While a number

theoretical treatment of the chemically reacting, spin relax©! alternate reaction schemes were tried, it is the above-

ing system is presented here as a methodology of approacﬂ‘.as.‘crit.’ed fitting procegjure that gave the best fit. It.is a ratio-

While its apparant ability to fit experiment helps to justify nalization of this reaction scheme that has been given.

the_ method of approach, the mechanism of the chemical re- ACKNOWLEDGMENTS

action scheme needs to be better understood. A better under-
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