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Abstract. In this first in a series of three papers on wall relaxation of spin polarized, gaseous *He we
investigate both by theory and by experiment surface-induced spin relaxation due to paramagnetic sites in
the containing glass. We present experimental and theoretical evidence that — contrary to the traditional
opinion — distant dipolar coupling to paramagnetic impurities in the glass, in particular iron ions, cannot
be the dominant relaxation mechanism of 3He-spins, although iron dominates the bulk static permeabil-
ity. Instead dangling-bond type defects in the glass matrix are found to interact much stronger via the
isotropic Fermi contact interaction. A model of paramagnetic site controlled *He relaxation including the
Fermi contact interaction is presented. With reasonable semi-empirical assumptions our model allows to
describe satisfactorily the measured relaxivities, both in the dissolution-dominated regime of fused silica or
borosilicate glasses of the Pyrex type as well as in the surface dominated situation of aluminosilicate glasses
which have only a low permeability for He atoms. In a large sample of 1.1 litre cells, built from various
aluminosilicate glasses, an average relaxation time of 150 h is reached in case contaminant ferromagnetic
particles have been demagnetized beforehand. From the maximum observed value of 250 h we derive after
subtraction of dipolar relaxation in the gas phase a paramagnetic surface relaxivity of p < 0.005 cm/h at
room temperature.

PACS. 33.25.+k Nuclear resonance and relaxation — 34.50.Dy Interactions of atoms and molecules with
surfaces; photon and electron emission; neutralization of ions — 67.65.4z Spin-polarized hydrogen and

helium

1 Introduction

New technologies for polarizing sizable quantities of 3He
up to high, non-equilibrium nuclear polarization have
transformed this substance from a laboratory curios-
ity into a promising practical commodity. The common
method to polarize 3He gas in large quantities and with
high yield is Optical Pumping [1-3]. There are two primary
techniques to produce spin-polarized *He: (i) metastabil-
ity exchange optical pumping (MEOP) [2] and (ii) Rb-spin
exchange optical pumping (SEOP) [3]. The main break-
through towards polarizing large quantities of *He gas to
a high degree of polarization emerged with the develop-
ment of powerful lasers operating at the required wave-
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lengths [4,5] and — in case of MEOP — of techniques to
compress the polarized gas free of relaxation to the high
densities required [6].

For many applications like the use of spin-polarized
3He as substitute of a target of polarized neutrons [7,8],
polarized *He-based neutron spin filters for condensed-
matter research [9-11] or the more recent application as
contrast agent in lung diagnostics by Magnetic Resonance
Tomography (MRT) [12-14], off-line operation of the po-
larizer is advantageous. Thus it is an essential issue to
obtain long nuclear spin relaxation times 7} in order to
achieve and maintain large nuclear polarization of the
samples. In case of storage containers relaxation times of
several days are desirable for running experiments over
longer periods or shipping the gas to more distant cus-
tomers [15]. Typically the gas is polarized in glass tubes
and stored in glass vessels; therefore our investigations
concentrated on various types of glasses and their coat-
ings.
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The most important relaxation source for 3He spins
usually results from their interaction with the walls of the
glass container, provided the magnetic guiding field is suf-
ficiently homogeneous [16] and the gas pressure does not
exceed a few bars; the pressure dependent dipole-dipole
interaction among the *He atoms limits the relaxation
time to (807/p) hours at room temperature where p is
the 3He pressure in bar [17]. In a series of three papers,
referred to as Part I, Part II, and Part III, we present new
experimental material and theoretical considerations on
several types of wall relaxation of spin polarized *He: (i)
paramagnetic relaxation at bare glass walls (Part I, this
paper), (ii) paramagnetic relaxation at coated glass walls
(Part IT [18]), (iii) relaxation by small magnetized, fer-
romagnetic particles which occur as contaminants at the
inner cell surface (Part IIT [19]). This research has led to a
much better understanding and mastering of this complex
matter. By now reliable procedures have been identified
how to reach also in uncoated cells total relaxation times
well above 100 h (including all sources of relaxation). This
holds under the provision that any remanent magnetism
of contaminant ferromagnetic particles inside the cells has
been properly demagnetized.

Wall relaxation on bare glass surfaces which we treat
in this first paper has been extensively studied by sev-
eral groups in the past with the purpose to establish a
reliable quantitative model of He relaxation on glass sur-
faces. Fitzsimmons et al. [20] have pioneered this research
giving a detailed insight into surface-induced nuclear-spin
relaxation of gaseous >He including its temperature depen-
dence. The basic mechanism of wall relaxation has been
thought to be due to magnetic interaction with param-
agnetic ions in the walls. The low-temperature scenario
involves mainly 3He adsorption on the glass surface, while
at high temperature diffusion of *He into the glass bulk
prevails for glasses with a more open network structure
like, e.g., Pyrex and fused silica. The latter mechanism can
be suppressed by using the more tightly packed and hence
nearly impermeable glasses of the aluminosilicate type.
As a result, long nuclear spin-relaxation times (>1 day)
have been observed in such glasses like Corning 1720 or
Schott Supremax. In a recent paper Jacob et al. [21] have
refined this model, which is based on interactions with
paramagnetic Fe3 centres, with respect to solubility, dif-
fusivity, and intrinsic relaxation of *He in the glass bulk.
Under particular (though unrealistic, see below) assump-
tions on relevant correlation times they arrive at an im-
proved quantitative description of He wall relaxation in
bare Pyrex glass.

In Section 2 we discuss the theory of paramagnetic
sites controlled surface relaxation at permeable and im-
permeable glass walls. Beyond the usual distant dipolar
coupling of the 3He spins with paramagnetic iron impu-
rity ions we take the much stronger Fermi contact inter-
action with dangling bonds into account. This aspect, so
far, has not been considered in literature. In Section 3
we report on our experiences with uncoated cells manu-
factured from various glasses with different composition
and chemical purity. Our experimental results challenge
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the common belief that iron impurities are the dominant
source of paramagnetic relaxation. We also report here
on our observations on the breakdown of relaxation times
when 3He cells have been exposed to the strong, magne-
tizing field of a tomography magnet, as well as on their
recovery after proper demagnetization. These phenomena
are thoroughly investigated in Part III. In Section 4 we
give conclusions on the results presented in this article.

2 Theory of paramagnetic sites controlled
3He relaxation at glass walls

2.1 Dipolar coupling of dissolved 3He to distant iron
impurities and dangling bonds

In the absence of ferromagnetic impurities paramagnetic
impurity species in or on the walls provide the dominat-
ing relaxation mechanism of bottled nuclear polarized 3He
gas. In case of a permeable glass wall, He atoms may
be dissolved in the wall for some time, approach param-
agnetic sites along the diffusion paths, relax, and finally
re-enter the gas phase. In case of impermeable walls, para-
magnetic relaxation can occur only while the *He atoms
are adsorbed at the vessel surfaces. The most abundant
paramagnetic impurity ion in commercial glasses is Fe?t.
For example, an analysis of their FeoO3 content is given,
e.g, by Timsit et al. [22] according to which iron ions are
present in relative amounts of approximately 200 ppm in
most of the glasses used. Hence, the current theories of
which we give a brief critical review in this and the follow-
ing subsection, have considered only relaxation on Fe3t in
case of glasses. The spin moments of the transition metal
ions will depolarize a *He nuclear spin primarily through
distant dipolar coupling (ddc). The average nuclear re-
laxation time of a 3He atom dissolved in the glass at a
distance r from a paramagnetic site is then [23]

1 6Q 7 1
Tdde ™ 1576 1 + w2r2’ (1)
Here wy is the ®He Larmor frequency in the exter-
nal field, and @ is the coupling constant with Q@ =
(po/4m)* &, v2h%S(S + 1). Yhe and 7, are the gyromag-
netic ratios in units of [rad/sT] for 3He and the electrons,
respectively. The spin of Fe3* ions is S = 5/2. 7. is the
correlation time of the magnetic dipole-dipole interaction,
which is limited by translational diffusion of the *He atoms
with correlation time 73, and by spin-flips processes of the
paramagnetic electrons with relaxation time 7.. Follow-
ing [24] they add up as rates according to

1/1e =1/7tr + 1/ 7e. (2)

In the following we refer to reference [21], where predic-
tions for the dissolution-controlled relaxation were made.
It is shown that the relaxation of polarized >He in a bare
glass cell can be written as the product of the surface to
volume ratio A/V and a surface relaxivity pgfc. Through-

S
out this paper we consider only the macroscopic surface to
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Table 1. Solubility’s and diffusivities for the glasses of interest, i.e., borosilicate (Pyrex), aluminosilicate glass (Supremax), and
fused silica together with relevant values for Tre,0, Tdefect,0, FFe, E’, etc. from bulk glass measurements or values extracted from

this work [{].
Pyrex Supremax Fused silica

So [em®*STP/cm?] (6.3+£0.6) x 107% [29] (3.1+£0.5) x 107% [29] ~T.46 x 107%  [30]
Es [eV] 0.015 + 0.006 [29] (0.029 + 0.010) [29] —0.029 £ 0.003  [30]
Dy [cm? /5] (7.04+0.6) x 107* [29] (1.84+0.3) x 1073 [29] ~3.04 x 107*  [30]
Ep [eV] 0.287 + 0.005 [29] 0.59 4+ 0.01 [29] 0.2413 4 0.0025  [30]
TFe,0 [3] (1.940.2) x 1079 [24] (1.940.2) x 1079 [24] — —
Tdef,0 [S] — — — — ~1.9 x 1079 [i]
EFre [eV] 0.0351 +0.0031  [24] 0.0351 +0.0031  [24] — —
E}p [eV] — — — — ~0.17 [24]
Edef [GV] i — — — ~0.114 [ﬂ
Ter,0 [8] — — — — ~4.6 x 1072 [1]
Eaq [eV] ~0.01 [27] ~0.01 [27] ~0.01 [27]
agis [A] 5 [24] 5 [24] 3 [24]
aaa [A] 3 [24] 3 [24] 3 [24]
Nt [ppm] ~200 [22] ~200 [22] — —
Npe [m™3] ~4x 10 ~4 x 10%*
Nicg,p [ppm] ~0.5 (] ~0.5 ] ~0.5 [24]
Naeyp [m™?] ~10%? ~10% ~10%2
Naeg,s [m™2] ~5.4 x 10 [1] ~5.4 x 10 [1] ~5.4 x 10 1]
7s,0 [8] ~2 x 10713 1] ~2x 10713 1] ~2 x 10713 1]
V{¢ /h [Hz] 1.97 x 10'° [31] 1.97 x 10"° [31] 1.97 x 10'° [31]
b[A™Y 1.67 [31] 1.67 [31] 1.67 [31]

volume ratio as defined by the geometry of the cells. Rel-
evant is the microscopic surface, however, which includes
its roughness and which depends on the type of glass, its
age and treatment. We have no means for measuring the
microscopic structure of neither the inner cell surface nor
its effect on the relaxation rate properly. Hence this has
to be accounted for by treating the surface relaxivity as
an effective parameter whose value is expected to scatter
even.

Dissolution controlled surface relaxation shows a tem-
perature dependence of Arrhenius type with the relaxivity

constant pd?° and the effective activation energy E.z

1 \" A4, A 1
= Zpdde — Zo(y | D(T) { ——
() - ot = s <><T1ddc(T)>
_ A ddc Eeﬁ
= 3P0 exp( kT)- (3)
ddc

pdde can be determined from the *He-solubility in the bulk
glass S(T) = Spexp(—Eg/kT), its diffusion coefficient
therein D(T) = Dgexp(—Ep/kT), and the effective re-
laxation rate (1/779¢(T)) of the dissolved gas. The last
term is obtained by integrating the effect of all paramag-
netic ions on the *He nucleus from the distance of closest
approach ag;s through all space

(1/T) = / (1/Td4)N dnr?dr. (4)

Adis

Here 1/T{ is given by equation (1) and N, is the den-
sity of paramagnetic centres in the glass. Since w372 < 1
holds, the shape of the spectral density J(wg) = 7./(1 +
wat2) (see Eq. (1)) reduces to J(wp) ~ 7.. For Fe?" in
Pyrex and aluminosilicate glasses the correlation time 7. is
mainly limited by spin-flips on the paramagnetic ions [24],
i.e., T & Tpe With Tre = Tpe,0 €xp(Ere/kT). In this case the
relaxivity constant and the effective activation energy can
be written as

247 Ny
pate = \ 15 C; QSO\/ Tre,0Do0),
dis

E.p =FEs+ (ED - EFE)/Q. (5)

Different from ordinary glasses, high quality fused silica
has considerably reduced iron content. Hence defects in
the glass structure comprising broken Si-O bonds with
unpaired electrons (dangling bonds) have been claimed
responsible for *He relaxation in this case [24]. From
ESR spectra the corresponding correlation time 74cf is
measured to be ~16 x 107% s at room temperature
(t = 25 °C) [24,25]. Thus 74cf is much larger than the cor-
relation time for translational motion 7, which is approx-
imately given by 7;, ~ (Ar)?/6D. With the jump distance
Ar of (2.540.4) A [24,26] it amounts to ~0.5 x 1075 s
at 25 °C (see Tab. 1). In order to give an estimate on 7,
(Eq. (2)) over the whole temperature range considered, we
use the following ansatz: 7 = Tgef = Taef,0 €Xp(Eqer/kT)
and 7y, = Ty 0 exp(Ep /kT) with the assumption 7450 ~
Tre,0- For E’, one uses the activation energy extracted
from the measured temperature dependence of Ty (*He),
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T»(*He) giving Ef, = (0.186 £ 0.021) eV [24]; this value is
somewhat smaller than measured directly from diffusion.
The parameters Eg.y and 740 can be determined from
the measured values for 7405 and 74, at room temperature
(25 °C), respectively, and are listed in Table 1.

In a first approach, defect-induced relaxation rates
have been derived assuming distant dipole coupling of a
defect spin of S = 1/2 to the *He nuclear spin according to
equation (1) [23]. For the dissolution-controlled relaxation
in fused silica one then obtains

1 ddc B é 24_7TNdefQ (S
Tl,dis ) B 1% 45 afh-s

quartz
x exp(—(Ep/2+ Es)/kT).

=1/2) 7.(T) Do

(6)

Below we will also consider the stronger Fermi contact
interaction. With this assumption we are able to signifi-
cantly improve the description of the experimental results.

2.2 Relaxation of adsorbed 3He

Adsorption of He atoms on the glass surface in the neigh-
bourhood of paramagnetic impurities has to be consid-
ered as a second source of relaxation. Helium is known
to adsorb onto glass surfaces with adsorption energy of
E,q ~ 0.01 eV [27]. According to the Frenkel law [28] the
sticking time per collision is related to E,4 by the expres-
sion

(7)

Here 75,9 ~ 10~!3 s is the high temperature limit repre-
senting the duration of a simple reflection of incident gas
atoms. The number n of gas atoms adsorbed at any in-
stant is just the product of 7, and the rate, at which atoms
collide with the surface,

Ts = Ts,0 €Xp(Eaa/kT).

- NyTA
n = 1V Ts-

(8)

Here Ny is the number of 3He atoms in a container of
volume V and surface area A, and v is the mean thermal
velocity of *He atoms (v = /8kT/mm).

For the relaxation in a cell in which adsorption pro-
cesses dominate Fitzsimmons et al. [20] derived a general
expression for 17 ,q without reference to a specific atom-
surface interaction

I n < 1 >
Tiaa Ny \T{/ .-

Here (1/T{4¢),, is the effective relaxation rate of the ad-
sorbed gas. Here we derive (1/T{4¢),4 in a similar way as
it was done for the relaxation of dissolved gas (Eq. (4)).
We use again equation (1) and integrate the effect of all
paramagnetic ions in the glass on the 3He atom which is

(9)
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adsorbed at distance a,q from the surface

1 6
—_— =2 —QN.1.r?d
<T1ddc>ad 7TO 15Q eTelar

/2

x/
2 (
7r Te T Ts

=—QN.— = —QN.—.
159 ‘a3, 159N a3,

sin ¥dd
a2, + 12 + 2a44r cos 19)3

(10)

In case of adsorption-controlled relaxation, we have to take
into account the fact that with the sticking time 7, a third
correlation time is involved, which is much shorter than
the characteristic spin-flip times 7g, or 74c¢ and the corre-
lation times 74, of diffusion, respectively. Thus, the total
rate adds up to 1/7. = 1/Tpe(aes) + 1/7tr + 1/7s = 1/7s.

Substituting the expressions for (1/7),4, n, and 7,
into equation (9) the relaxation rate of adsorbed *He due
to distant dipolar coupling is

1 ddc A 2
) =ZT0N O Ea/kT
(Tlad) = g0 @ 3d " exp(2Eaa/kT)

A ddc

Vpad (11)

A similar result has been obtained by Fitzsimmons
et al. [20]. They assume that the adsorbed 3He atoms see
an effective rms local magnetic field /(B% ) with the as-
sumption of a weak interaction, that is yie (Bl OC>TS < 1.
In this limit, (yae\/(B3,.)7s)? is just the probability W of
a nuclear spin flip per encounter with the surface; it is

connected to the characteristic relaxation rate (1/ Tlddc>ad
by [23]

ow 2 (e (B?oc>fs)2

1
Tdde ) T LT T 12
<Tfldc>ad Ts o (12)
Finally by use of equations (8) and (9) they get
ddc
1 14
Bi.)T: 2F.q/kT). (1
<T1,ad>1 9 V”U’)/He< l0<,> Ts,0 exp( a/kT). (13)

On closer inspection it is no surprise at that equations (11)
and (13), apart from a numerical factor of order one, are

identical if we take (B2 ) to be
oo /2
2 wrhg? )
<Bloc> = NeQW// P sin dddr*dr. (]_4)
0 0

Here g is the g-factor of the Fe?t-ion, up is the Bohr
magneton, and d = (a2, + 12 + 2a,qr cos¥)'/2. Since wall
relaxation rates on aluminosilicate glasses are adsorption-
dominated at room temperature, we can check here
equations (11) and (13) separately from the dissolution-
controlled term (Eq. (6)). Using the parameter values
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listed in Table 1, for example, equation (11) yields an
adsorption-controlled relaxivity by Fe?** impurity ions of
plde = (1/Ty,44)3%V/A = 2.2 x 1077 cm/h. This result,
however, underestimates the measured paramagnetic sur-
face relaxivity of aluminosilicate glasses of p &~ 0.005 cm/h
(Sect. 3.3) by more than three orders of magnitude!. The
discrepancy between theory and experiment has been dis-
cussed already in reference [20]: in order to match exper-
imental results one would be forced to raise drastically
the effective microscopic relaxing area beyond the macro-
scopic geometrical area and/or the characteristic stick-
ing time 7, beyond the generally accepted fundamental
lattice-vibration period of ~10713 s (see Eq. (7)). Timsit
et al. [22], to whom subsequent publications like, e.g.,
reference [21] refer, adopt in their different derivation of
pdde still the correlation time as it is used for dissolution-
controlled relaxation, namely 7. /~ 7. instead of the much
shorter 7,. This way they meet the right order of mag-
nitude of p, indeed, since equation (11) is now boosted
by a factor ~7p./7s (see Tab. 1). But the question re-
mains how this assumption can be justified. Summarizing
we conclude that the iron content in ordinary glasses can-
not be claimed any longer to be the dominant source of
adsorption-controlled surface relaxation of 3He. At that
point we remark that we have been triggered to revisit
the theory by our corresponding preceding experience with
glasses of different iron content (see Sect. 3.4).

2.3 Relaxation by paramagnetic dangling bonds due
to Fermi contact interaction

The result of the preceding section forces us to search for
a stronger relaxation mechanism than the distant dipole
interaction. In the following we reconsider the case of dan-
gling bonds whose unpaired electron belongs to the va-
lence shell and may interact with a neighbouring *He atom
through a o-bond. Hence the electronic spin should cou-
ple to the nuclear spin through the much stronger Fermi
contact interaction (fci). In the following we present an
extension of the *He relaxation model to that case.
Dangling-bond types of defects have been most thor-
oughly studied at (111) Si/SiOg surfaces by means of elec-
tron spin resonance techniques [32]. Up to 0.5% of the
(111) surface silicon atoms are not bonded to an oxygen
atom of the oxide and there are numerous recipes how
to remove these paramagnetic interface defects both by
chemical and thermal treatments. Thus, there are good
reasons to believe that not only in fused silica but also
in other glasses like Pyrex, Supremax, etc. dangling-bond
type defects exist up to certain concentrations [33], al-
though in the latter case quantitative numbers cannot
be extracted directly from ESR measurements due to
the dominance of Fe3* paramagnetic impurities in the
bulk material. In the following we denote with Ngess
the defect density in the bulk material (glass network)

! Strictly speaking, the measured value has to be considered
as an upper limit; but we have reason to expect the right value
not too far from it and take it as such in the following.
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and, correspondingly, Ngc¢,s the area density of defects
at the surface. We can then start from equation (12)
and determine the intrinsic relaxation rates (1/77) g,
and (1/T7¢",4 for dissolution- and adsorption-controlled
relaxation, respectively, by calculating the local hyper-
fine field Bj,. from fci instead of ddc. Spin exchange
rates associated with feci have been extensively studied
between optically pumped alkali atoms and noble-gas nu-
clei [31,34,35]. Hence we may use here tentatively the
same interaction potential as found, e.g., in the Rb-3He
system

vie(r) = nATe(r) (I - S). (15)

Walker et al. [31] have calculated V/¢(r) which for
r > 2 A can be approximated by the expression V/¢(r) =
Vg ““ exp(—br) with the strength constant Vi “/h to be
1.97 x 10'° Hz and the reach constant b to be 1.67 A=! (h
in Eq. (15) is the Planck-constant).

If we now replace in equation (12) 74(T) by
7.(T) and furthermore the expression in parentheses
by 2w(V£¢(r)/h)7.(T) we can calculate the dissolution-
controlled intrinsic relaxation rate (1/T} )4, analogous
to equation (4)

. i ct 2
<ﬁ>d = /2(277Vf (T)/h) TC(T)Ndef,b47T7“2dr

18 Qdis

NS
= 327 Ne s (VO cz/h) 7e(T) exp (—2bag;s)
2
Bgis | Qdis | 1
X < 2 202 +4b$>'

Finally, by inserting this expression into equation (3) we
get a quantitative prediction for the dissolution-based re-
laxation (1 /ledis)f ¢t due to Fermi-contact interaction

(16)

1\ a4 1 A .
—25(T),| D(T) { — = ple
(Tl,dis) Vv ( ) ( ) <T1fcz(T)>diS Vpdzs

(17)
It should be noted that the temperature dependence
of (1/T1,4is)7¢" will be the same as for (1/T1,dis)ddC or
(1/T17di5);lizrtz in the case of fused silica, since the same

expressions are used for the respective correlation time
7¢(T'), the diffusion coefficient D(T'), and the solubility
S(T).

In a similar way one can find an expression for the
intrinsic adsorption-controlled relaxation rate

1 Ji ct 2
<T1fci> d/2(27TVf (d')/h)" 7(T)Ngey,s2mrdr

(18)
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Here d’ is given by d’ = /a2, + r?; the integral is taken
over the surface only?. Finally by use of equations (9)
and (8) we obtain for the adsorption-controlled relaxation
rate

fei
1 A o v 2 1+ 2bagyy
() = ) v

b2
A ci
Vp():d ‘

X exp(f2baad)752’0 exp(2E.q4/kT) = (19)
We may then add up the 4 different relaxation rates of
equations (3), (11), (17), and (19) to arrive at a general
expression for paramagnetic *He relaxation

1 A ade | dde fei | fei
(7),...= vt st (v 2}

A .
_ = {pddc_i_pfcz}.

. (20)

2.4 Predicted surface relaxation on fused silica,
aluminosilicate glass, and borosilicate glass (Pyrex)

Let us remark first that the fei-based equation (19)
seems to yield now realistic numbers for the parame-
ters Ngeps and 7,0, if we insert on the right side our

measured surface relaxivity of aluminosilicate glasses of
p ~ 0.005 cm/h (Sect. 3.3). We then obtain Ngef, 72¢ =

2.14 x 10719 §2/m? for a,q = 3 A. This may be decom-
posed for example into 759 ~ 2 x 10713 s and Ngef,s = 5x
10*® /m?, which reproduce fairly well the expected num-
bers for 75 0(~ 1073 s ) and Nger,s < 1016/m? [32,33]. A
still more quantitative experimental proof of equation (19)
is found in the adsorption-controlled relaxation of 3He,
which has been measured in cells made from pure silicon
single crystals [36]. The observed relaxation times of typi-
cally ~1 hour would correspond to a surface defect density
of N(?eif,s < 10'®/m?2, a number which is supported by ESR
measurements.

Next we like to include also the dissolution-controlled
relaxation into the discussion. The two differ by the sign of
their slopes in the Arrhenius plot. Due to the lack of exper-
imental data, we set the dangling-bond type defect density
Ngeyp in the network of aluminosilicate glass and borosil-
icate glass (Pyrex) to Ngefp ~ 10?2/ m3 (~0.5 ppm), the
value reported for fused silica [24]. Vice versa, we adopt
for fused silica and Pyrex as starting point of the dis-
cussion the same adsorption-controlled relaxivity p.q =
0.005 cm/s as has been measured for aluminosilicate glass,
i.e. the product term Ngef 72 = 2.14 x 10710 s /m?. All
parameters entering the calculations are listed in Table 1.

In Figure 1 a number of theoretical relaxivities of 3He,
contained in bare fused silica cells, is plotted as a function
of 1/kT. The ddc-based relaxation by the paramagnetic

2 Integrating the effect of all defects in the bulk material
(Naesp) on the adsorbed *He atom shows that the corre-
sponding relaxation rate is much less than (1/77),4 of equa-
tion (18) using the parameters listed in Table 1.
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fused silica

T, par*(VIA) [cm/h]

100 150 200

1/KT [eV-]

Fig. 1. Plot of calculated *He relaxivities p = (V/A)/Ti para
versus 1/kT for fused silica glass. The corresponding temper-
ature is given on the upper axis; p?9°: distant dipolar coupling
only; p/°: including Fermi contact interaction for different clos-
est distances of approach a4;s; squares: measured relaxivities

with straight-line fitted to the data.

0 50 250

lattice defects, shown as p® by the lower full line, falls
by orders of magnitude below the measurements (solid
squares) — the same finding as for the Fe?*-relaxivity. A
decisive increase in relaxivity is observed if the Fermi con-
tact interaction with paramagnetic lattice defects is taken
into account as shown by the upper curves in Figure 1,
indicated as pf°. Their slopes agree fairly well with the
one of a straight line fit to the data points. In order to
demonstrate the sensitivity on the distance of closest ap-
proach we varied ag;s in equation (17). The results are
shown for 3 A (upper solid line), 4 A (dashed line), and
5 A (dotted line). The data points lie in between the 3 A
and the 4 A lines — a remarkable result, since it shows
that some fine-tuning of the parameter-set suffices to re-
produce the experimental data. The inclusion of the Fermi
contact interaction obviously bridges the huge gap of miss-
ing relaxivity on fused silica, an open problem since long.

The quasi impermeable aluminosilicate glasses, like
Supremax, the paramagnetic surface relaxation of which is
dominated by adsorption, have to show a steady decrease
of their relaxivity with increasing temperature at least up
to 400 K. Figure 2 shows the theoretical result for p?dc
based on an iron content of 200 ppm. Since its adsorption
component pgfilc is orders of magnitude too low it is now
clearly dominated by the opposite slope of a dissolution-
controlled relaxivity pggf for temperatures above 200 K
already. On the other hand, the calculated values for p/<*,
which have been normalized to our measured relaxivity of
p =~ 0.005 cm/h at room temperature (full square), give a
much stronger weight to adsorption-controlled relaxation
because of the strongly enhanced defect concentration
at the surface. Hence the full curve shows the expected
temperature dependence, dominated by the Frenkel law

(Eq. (7).
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Fig. 2. Plot of calculated *He relaxivities p = (V/A)/T1,para
versus 1/kT for Schott Supremax glass. The upper axis shows
the corresponding temperature. For the relaxivity p?9¢, based
on the distant dipolar coupling model, a Fe*'-content of
200 ppm was assumed. The inclusion of dangling-bond type
defects interacting via the Fermi contact term (pf ) nicely re-
produces the expected adsorption-dominated behaviour. Full

square: measured paramagnetic relaxivity to which p/* was
normalized.
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Fig. 3. Plot of calculated relaxivities p?®® and p/* (solid
curves) versus 1/kT for Pyrex cells. The upper axis shows the
corresponding temperature. For p?9° the paramagnetic Fe3T-
concentration is again 200 ppm. The dashed curve shows the
result for pf “if Nge f,STSQ,O is increased by a factor of five over
the value derived for Supremax glass (see text). Measured re-
laxivities taken from reference [21] (open squares) and refer-
ence [20] (solid squares).

The situation for Pyrex is similar in so far as p/°
dominates by far over p° in the low temperature range
(Fig. 3). Even at room temperature, in the dissolution-
dominated regime, the contribution of the more frequent
Fe3*-ions (again set to 200 ppm) to the total surface re-
laxivity is of minor importance. All this is in agreement
with our experimental findings for various glasses with
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different iron content. Our glass sample did not exhibit
a clear correlation of the relaxivity on their iron content
(see Sect. 3.4). Also shown are measured relaxation rates
on Pyrex cells at different temperatures taken from refer-
ence [20] (solid squares) and reference [21] (open squares).
Fortunately they cover the dissolution-controlled region at
higher temperatures as well as the adsorption-controlled
one at lower temperatures. In the former region the data
are nicely matched by the relaxivity p/°* (solid line) which
is calculated with the defect concentrations given above.
At lower temperatures pf¢ somewhat falls below the data
points. One should keep in mind, however, that the deci-
sive input parameter Ny, 87'3,0 of equation (19) has been
fixed by normalization to our measured relaxivity on alu-
minosilicate glasses and then, in a first approximation, was
assumed to be the same for the other glasses under investi-
gation. Hence we may try for Pyrex a somewhat higher de-
fect density at the surface, which also makes sense for this
more open structured glass. As an example, the dashed
curve in Figure 3 shows pf with the surface relaxivity
increased by a factor 5. The data indicate that a factor
in between 2 and 5 seems to be realistic. On the other
hand such factors are well in the range by which the mi-
croscopic surface may exceed the geometrical one through
roughness.

3 Relaxation times observed in uncoated
glass vessels

3.1 Cell preparation and properties

The bulk of the material presented here concerns flasks
of 1.1 litre storage volume. These were used for shipping
polarized 3He to various clinics for the purpose of lung
imaging by MRT in the frame of the European network
“PHIL” [37] during the years 2001 to 2004. The delay
between polarization and application varied between 2 h
and 24 h typically (a few days even, when the air carrier
had lost the freight). Hence we were heading for relaxation
times in the range of 100 h in uncoated cells, since the
medical application excluded the presence of alkali metals.

For this purpose a total of 31 flasks were produced
on special demand from iron-free aluminosilicate glasses
by Schott AG Mainz, because in the beginning of the
project we were still guided by the common opinion that
iron would be the dominant source of nuclear relaxation
in the glass vessels. High purity starting materials were se-
lected for melts according to the chemical composition (see
Tab. 2) of 3 commercial aluminosilicate glasses (3 flasks
from Supremax glass, 12 from Corning 1720, and 16 from
GE 180).

The flasks were blown from the melt into a mould of
diameter 13 cm using a blowpipe from steel. At the given
melt temperature of about 1500 °C there was no realistic
chance for using any non ferrous pipe material, instead.
Hence the pipe was covered by an electrolytic platinum
layer at least in the region where it had contact with the
melt in order to prevent dissolution of iron into the melt.
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Table 2. Compositions of main glass types in wt% (only main components with an accuracy of 1%) Paramagnetic impurities

~200 ppm [22].

Glass name Duran Supremax GE 180 Corning 1720 Pyrex
Glass type  borosilicate  aluminosilicate  aluminosilicate —aluminosilicate  borosilicate
SiO2 81 52 60 60 82
B20s3 13 2 6 12
Al; O3 2 22 14 17 2
NaQO 3 1 4
K20 1 <1
MgO 8 7
CaO 7 7 9
SrO <1
BaO 2 18 <1
TiO2 <1
P20s 8
-1
— ° 1Tesla
m@ 3 Tesla
= ol o bTesla
(@]
~
o
Z
5
)
N GE180 ( Schott)
-4 . 1 1 1
0 5 10 15 20

Fig. 4. Photograph of a 1.1 litre storage- and transport cell
made from iron-free Corning 1720 glass produced on special
demand by Schott AG Mainz.

Still small ferromagnetic steel or (more probably) rust
particles may have been blown into the flasks (compare
Part IIT). In case of the GE 180 melt the platinum layer
on the tip of the pipe was missing. Finally a stopcock with
a glass flange both made from Duran was connected to the
neck of the flask. A photo of a flask is shown in Figure 4.

In order to get a quantitative estimate of paramag-
netism, the magnetic susceptibilities of a cylinder (m =
0.5 g) from GE 180 glass (Schott special glass melt) and
several pieces (m = 0.25 g) from commercial GE 180 glass
tubes were measured in a MPMS SQUID magnetome-
ter [38] at constant fields of 1 T, 3 T and 5 T in the
temperature range 50 K < 7T < 330 K.

As shown in Figure 5, for each individual measuring
field and sufficiently high temperatures the susceptibilities
(xg = M,/B) to a good approximation follow a Curie law
Xg = Cq/T+x0 with the first temperature dependent term
arising from paramagnetic impurities and the temperature
independent part xo representing essentially the diamag-
netic contribution ygi, from the closed electronic shells.
Both glass probes are clearly different in their amount of
paramagnetic impurities indicated by the different slopes
in the plot of x4 versus 1/T. If we attribute the paramag-

1000/ T (K™

Fig. 5. Paramagnetic susceptibility per gram from iron-free
GE 180 glass (Schott) and commercial GE 180 glass versus
1/T measured in the temperature range 50 < T [K] < 330 at
constant fields of 1 T, 3 T, and 5 T.

netic contribution to Fe?* ions with a 3d° configuration
and an effective spin-only moment of 5.9 Bohr magnetons
(up) corresponding to S = 5/2, the impurity concentra-
tions amount to 139(1) ppm for the commercial GE180
glass and to 34(1) ppm for the special glass melt.

Supremax cells were first cleaned by Mucasol (Merz
Consumer Care GmbH, Germany), a tenside and phos-
phate based purifying agent. Thereafter the cells were
rinsed with distilled water and then baked out at ~400 °C
in vacuum (p ~ 1078 mbar) for three days. Corning
1720 cells were cleaned with ethanol in order to reduce
the dissolution of metal ions from the glass surface. The
same bake-out procedure as before was retained. In case of
GE 180 glass we simplified our previous preparation pro-
cedure considerably in that the cells were only evacuated
for 3 days without bake-out and preceding cleaning proce-
dure. Furthermore, we observed that T; did not change if
the GE 180 cells were repeatedly ventilated with air and
then evacuated again. Grosso modo the relaxation times
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Fig. 6. Bar chart of measured T times (error £10%) in cells
of iron-free Supremax (#1 to #3), iron-free Corning 1720 (#4
to #15), and iron-free GE 180 (#16 to #31). T1 fresn: right
after preparation (red bars), T1,maez: maximum observed value
(green bars), T1,min: minimum observed value (blue bars). In
all cases a drop of T1 is observed after exposure to a strong
magnetic field (1.5 T). At the given conditions (*He-pressure
of 1 bar and room temperature) the dipolar relaxation by (*He—
3He)-collisions contributes with a partial rate of (807 h)™'; it
has not been subtracted.

measured in GE 180 cells were comparable to those in cells
manufactured from Supremax and Corning 1720 glass.

3.2 Phenomenology of observed relaxation times

The relaxation time of each flask has been checked many
times in the course of its application for PHIL. The follow-
ing standard procedure was applied: the flasks were filled
with 1 bar of 3He with a polarization degree of about
60%, delivered from our new MEOP polarizer [39]3. The
flasks were then placed into a magnetic field B = 0.8 mT
of sufficient homogeneity (grad B/B < 10~* cm™1!) in or-
der to suppress gradient relaxation. Nuclear resonance was
excited automatically every 30 min at a small flip angle
(about 10 mrad) and the free induction decay recorded.
The destruction of nuclear polarization by the NMR pulses
was proved to be negligible. The measurements were ex-
tended over periods long enough to allow for a reasonable
fit of an exponential to the signal height. A relative error
of 10% is estimated for all relaxation times quoted in this
paper.

Figure 6 shows the measured relaxation times in
freshly prepared cells (171 fresh, red bars). They scatter
around an average of 40 h in case of iron-free Supremax
and Corning 1720 cells and around an average of 110 h
in case of GE 180 cells. But after they had returned from
serving MRT purpose a serious breakdown of T7 was ob-
served usually. For a long time we considered this as being

3 At P ~ 60% the gas production of the Mainz MEOP po-
larizer reaches 3 bar litre/h.
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caused by some chemical contamination of the inner flask
surface occurring during the administration of the gas to
the patient (although the automatic administration unit
developed for this very purpose [40-42] was furnished with
a check valve). In many cases, indeed, a very significant re-
increase of the relaxation time — even beyond the initial
one — could be observed after applying another cleaning
procedure within an ultrasonic Mucasol bath for 30 min
at 80 °C before the flasks were evacuated and baked again
at 400 °C.

It was only in 2004 that we realized that the exposure
to the high magnetic field (1.5 T) of the MR tomogra-
phy magnet induces the abrupt drop of relaxation times
through the permanent magnetization of some ferromag-
netic sites within the cells (compare Part IIT). This finding
came as a surprise in so far as in the preceding paper on
this effect by Jacob et al. [21] the ferromagnetic contami-
nation was definitely attributed to ferromagnetic impuri-
ties of the Rb metal-coating. In all cases T} recovered after
the cells had been demagnetized with a usual commercial
demagnetizer for magnetic tapes. The commercial demag-
netizer has been replaced later by a home made, larger
instrument which was capable of covering the whole cell
by a 50 Hz ac-field. Starting at maximum field amplitude
of about 30 mT the field was then decreased manually to
zero within a couple of seconds. This finding also leads
us to suggest that the large increase of T by the ultra-
sonic treatment of the cells may have happened as well
through a demagnetization of ferromagnetic particles by
the magnetostrictive action of the ultrasound vibrations.
In addition, some ferromagnetic particles directly located
at the glass surface may have been physically removed by
the ultrasonic bath.

After proper demagnetisation the cells acquire an in-
dividual maximum of their relaxation time T 4. (green
bars in Fig. 6). Their average of (T} maz) = 150 h attains
a very satisfactory level although we observe still a signif-
icant scatter from 75 h to 250 h. We have also listed in
Figure 6 the shortest relaxation time, T} i (blue bars),
ever observed in the magnetized state of an individual
cell*. Their average has dropped to an unacceptable level
of (Th min) = 17 h. Also in freshly prepared cells relax-
ation is in the average by a factor of about 3 faster than
in a properly demagnetized state. Apparently their mag-
netization has been sizeable already before exposure to
high magnetic field (compare Part IIT). For the time be-
ing, we also hesitate claiming that we achieve reliably a
complete demagnetization, although T 44 is fairly well
reproduced by our new depolarizer in the meantime. Nei-
ther can we expect that the cells remain fully demagne-
tized in the weak field of about 1 mT of the optical pump-
ing device until their 7} is measured again. At present it
is difficult to tell, therefore, whether the scatter in T ;44

4 T min is not reproduced after each exposure to the tomog-
raphy magnet, but scatters a lot. Apparently the cells do not
leave the magnet of the tomograph always fully magnetized
and with the magnetization vector in the same direction. This
seems plausible, considering that they might have been turned
around in the declining field during removal.
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among the different cells represents different quality of the
actual glass surface or still traces back to some residual
relaxation by ferromagnetic sites (compare the test with
a demagnetized soft iron piece inside a cell, described in
Part III). If the latter applies, one may expect some cor-
relation between T yqq and T4 ymin values. But this is not
seen, except, possibly for GE 180 cells #21, #24, and #27
which may be regarded as heavily contaminated drop outs.
This argument is based on their extraordinary low T pip
values of 0.5 h, 0.8 h, and 1.3 h, and correspondingly short
T ,maz values of 0.5 h, 18 h, and 32 h, respectively. One
may speculate, whether this occurred because the blow
pipe from steel was not covered with a platinum layer or
any cleaning procedure was missing.

3.3 Paramagnetic relaxivity of aluminosilicate glasses

The above presented material proves that in our 1.1 litre
sized iron-free, uncoated aluminosilicate glass cells relax-
ation rates of about 1/(250 h) can be achieved. However,
the situation is still too complex as to allow for a straight-
forward determination of the paramagnetic relaxivity of
these glasses from this number, because we cannot yet ex-
clude safely any residual ferromagnetic contribution. To
that end it would be necessary to clean up the fabrication
process. So far we did not meet a single uncontaminated
cell. Leaving aside this scruple one would interpret the
scatter of 11 pqee values in Figure 6 as a measure of the
typical scatter of the surface quality with respect to 3He
relaxation for this fairly large sample. On the other hand
one may try to extract from the highest observed value,
namely 77 mae = (257 £ 25) h measured in cell #20 from
GE 180, a particular upper limit of the observed relaxivity.
To that end we have to subtract first the rate of 1/(807 h)
which originates from the dipolar relaxation at the given
3He density and temperature [17]. Moreover we should
consider the contribution from the small Duran surface in
the neck. For the cell in question it amounts to ~25 cm?.
Assuming here a typical relaxivity of 0.1 cm/h puts us into
trouble, since only a negligible rate of 1/(16800 h) would
be left over for the aluminosilicate glass itself. Hence we
are forced to assume that these small Duran transition
pieces actually relax less than usual (may be by some cov-
erage from evaporated adjacent aluminosilicate; the joint
has to be heated far beyond the ordinary blowing temper-
ature of Duran). In fact, the surface area of the transition
pieces varies between 3 cm? and 30 cm? but does not cor-
relate to T ma.- Hence we are not allowed to sharpen the
limit by taking Duran relaxation separately into account
but are left — strictly speaking — with an upper limit
of 1/(430 h) for the paramagnetic surface relaxation rate
for this particular GE 180 cell. This rate converts into a
relaxivity of

p < 0.005 cm/h. (21)

Looking at the distribution of 7T} in Figure 6 we get the
impression that the real value of p is probably not too far
from this upper limit such that it makes sense to check
theoretical models, at least, qualitatively against this ob-
servation (see Sect. 2).
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3.4 Missing influence of iron content on paramagnetic
relaxation

We have also collected some experience with glasses of
ordinary iron content which lies typically in the range of
(100-200) ppm, and we can compare the results to those
obtained with so called iron-free glasses of “optical qual-
ity”, whose iron content ranges around 30 ppm, usually
(see Fig. 5). We first present the case of a 1 litre flask
blown from a tube of ordinary GE180 glass (=130 ppm).
The fresh flask showed an initial relaxation time of 130 h,
which dropped to T} yin = 64 h after magnetization in a
1.5 T field and attained a T} 4 = 135 h after demag-
netization. The latter number almost meets the average
of 150 h observed in iron-free flasks. Hence we do not
recognise a clear influence of the iron content of this alu-
minosilicate glass on its *He relaxivity — at least not at
the 100 ppm level.

Next we present a comparison of two commercial
Duran glasses performed in prior, yet unpublished re-
search [43]. In a series of 12 cells blown from ordinary
Duran (Schott glass #8330) we measured an average re-
laxivity of p(8330) = 0.14 cm/h, whereas in 4 cells blown
from the iron-free UV-Duran (Schott glass #4747) of “op-
tical quality” we found an average of p(4747) = 0.16 cm/h,
slightly, but insignificantly higher than in the ordinary
glass. In these relatively fast relaxing cells we do not ex-
pect a dominant influence by — at the time yet undis-
covered — magnetized impurities. But even if we se-
lect the cells with minimum relaxivity from both series
Pmin(8330) = 0.093 cm/h and pp,in(4747) = 0.125 cm/h,
the answer is the same: The iron is not found to be the
dominant relaxant.

Finally we have checked four champagne bottles made
of an ordinary soda lime glass, two from green and two
from white glass. The colour stems from the addition of
paramagnetic transition elements, mostly iron. After we
had finished our T;-measuring cycles, we took bore probes
from the bottles and measured their magnetic susceptibili-
ties as it was done before in case of GE 180 aluminosilicate
glass. As a consistency check, the paramagnetism of fused
silica (Suprasil) was measured, too (Fig. 7). From the slope
of the Curie-law type susceptibility x, = (Cy/T) + xo the
spin concentrations were determined. If the paramagnetic
contribution is attributed to Fe3* ions with S = 5/2,
we find concentrations of 4801 ppm for the green- and
530 ppm for the white glass samples. Otherwise their com-
position should be close to the standard glass composition
(see Tab. 2). The measured iron impurities in fused silica
give 0.12(7) ppm, as expected.

In order to use these bottles for *He storage their open-
ings were grinded flat and connected through a flange to a
stopcock, both made of Duran. The bottles were cleaned
with Mucasol, rinsed with distilled water, evacuated for
1 day at room temperature, and finally filled with 1 bar
of polarized 3He. The first pair — a green and a white
bottle — was measured before recognizing the risk of fer-
romagnetic contamination. We found 77 < 1 h for the
white and 77 = 22 h for the green bottle. The second
pair was measured quite recently: the white bottle was
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Fig. 7. Paramagnetic susceptibility per gram of two glass sam-
ples from champagne bottles (bore probes from green- and
white-glass) and from a cylindrical Suprasil quartz glass sample
versus 1/7 measured in the temperature range 50 < T' [K] <
330 at constant fields of 1 T, 3 T, and 5 T. The slopes corre-
spond to concentrations of 4800 ppm (green glass), 530 ppm
(white glass), and 0.12(7) ppm (Suprasil) of Fe** ions with
S = 5/2 spin-only moments.

measured before and after demagnetization. We found re-
laxation times of 1 h and 20 h, respectively. The green one
was measured only after demagnetization and yielded a T
of 17 h. The magnetic field was sufficiently homogeneous
over the length of the bottles as to neglect gradient relax-
ation. Summarizing we observe for demagnetized bottles a
relaxation time of about 20 h irrespective of their colour.
The number corresponds to a surface relaxivity of bottle
glass of ppott1e = 0.07 cm/h slightly better than for Pyrex.
Even at the elevated concentration of paramagnetic ions
found for the green glass it seems that these still do not
dominate the relaxation.

Particularly, these similarities of iron rich and iron
poor glasses lead us to conclude that not only in pure fused
silica but also in other glasses 3He nuclear polarization
relaxation is dominated by dangling bonds rather than
by paramagnetic ions of transition elements, although the
latter may be more frequent and dominate the bulk static
paramagnetic susceptibility (compare Sect. 2).

Summarizing Section 3, we conclude that properly de-
magnetized aluminosilicate glass cells with fire polished
surfaces as received from blowing, provide reliably relax-
ation times in excess of 100 h without any further surface
coating or treatment. Thus they fulfil practical demands
for storing and shipping polarized 3He gas.

4 Conclusions

The traditional school of thought has accounted the relax-
ation of polarized *He stored in glass vessels to a param-
agnetic iron content of the glass of the order 100 ppm.
Accordingly we have fabricated vessels of 1.1 litre vol-
ume from several types of aluminosilicate glasses (Schott
Supremax, Corning 1720, GE 180), molten from pure
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starting materials with an iron content depleted to less
than 30 ppm. We have used these vessels extensively for
storing and shipping polarized 3He from our institute to
Copenhagen (DK), Sheffield (UK) [15] and recently to
Rochester (US) in the course of extended medical *He-
MRI studies and collected ample experience on their re-
laxation properties. If properly demagnetized, we have ob-
served relaxation times up to 77 = 250 h. Corrected for
other known relaxation sources one derives from this value
a wall induced relaxation time of T4 ,qu =~ 430 h, corre-
sponding to a surface relaxivity as low as p = 0.005 cm/h.
For the diffusion tight aluminosilicate glasses this has to be
attributed to a surface interaction during adsorption only.
Apart from this very satisfactory result, we have observed
for a cell, blown from ordinary, iron containing Supremax
glass, a T7 in the same range as for the iron-free cells.
So we have no proof that the Fe?*-ions are really the re-
laxing agent. Identical relaxation times were also found
in cells from ordinary and from iron depleted borosilicate
glass (Schott Duran), where relaxation is dissolution dom-
inated. Even in coloured ordinary bottle soda lime glass
containing as much as 4800 ppm of iron in the paramag-
netic state no sign of iron enhanced relaxation could be
observed in comparison with ordinary white bottle soda
lime glass.

Triggered by these results we have revisited the litera-
ture on the theory of *He relaxation in glasses. An early,
still qualitative but valid treatment had already come to
the conclusion that the contribution of Fe3* to adsorp-
tion dominated relaxation should be negligible. But later,
an explicit and thereafter generally accepted theory on
Fe37 relaxation managed to match the observed relaxation
times. However, we find that this result has been obtained
on the assumption of an unrealistically long correlation
time of the distant dipolar hyperfine interaction between
the *He nuclear and the Fe3* electronic moment. Search-
ing for an alternative explanation we have also revisited
the relaxation by paramagnetic dangling bonds which are
particularly frequent at glass surfaces. Such an attempt
has been made already for the case of pure fused silica
but on the basis of the much too weak distant dipolar
coupling. Allowing for the Fermi contact interaction in-
stead, we find by help of a semi-empirical calculation of
its strength relaxation times which match the experimen-
tal results observed for fused silica. This holds also for
glasses under reasonable assumptions on the density of
dangling bonds in the bulk and at the surface.

This work was supported by the Innovationsstiftung Rheinland
Pfalz under project number 539, by the Schott Glas Fonds
of the company Schott AG, Mainz, and by the Deutsche
Forschungsgemeinschaft in the frame of the Forschergruppe
FOR 474.
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