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Size dependency of the relaxation time T; was measured for laser-
polarized 1?°Xe gas encapsulated in different sized cavities made by
glass bulbs or gelatin capsules. The use of laser-polarized gas en-
hances the sensitivity a great deal, making it possible to measure
the longer ?°Xe relaxation time in quite a short time. The size de-
pendency is analyzed on the basis of the kinetic theory of gases and
a relationship is derived in which the relaxation rate is connected
with the square inverse of the diameter of the cavity. Such an analy-
sis provides a novel parameter which denotes the wall effect on the
relaxation rate when a gas molecule collides with the surface once
in a second. The relaxation time of 12°Xe gas is also dependent on
the material which forms the cavity. This dependency is large and
the relaxation study using polarized 2°Xe gas is expected to offer
important information about the state of the matter of the cavity
wall.  © 2001 Academic Press

Key Words: laser-polarized noble gas; size dependency of relax-
ation time; wall effect in relaxation time; gelatin capsule; glass ma-
terials.

INTRODUCTION

Hitherto, the wall effect has been discussed in relation to th
mechanism of relaxation in laser-polarizing glass cells (5—7
and it was found that the silicone coating of the interior wall of
the glass cell is very efficient in reducing the relaxation effec
from the wall. In these studies the size of the gas contain
was kept constant and the composition or temperature of tl
gas mixture was changed. Also, surface relaxation of4fe
nucleus on the silicone-coated glass cell was shown to be dipo
in origin, and such aweak interaction with protonsin the coating
was concluded to be responsible for the long relaxation time c
the silicone-coated walBj. However, for further understanding
of the wall effect it seems necessary to examine the relaxatic
behavior in detail by changing the size of the cavity. The lase
polarized*?®Xe gas has made it possible to measure the long
relaxation timeT; in quite a short time, and it is well suited to
the detailed study of relaxation behavior.

In the present study, of 12°Xe gas is measured by changing
the size of the gas container using glass bulbs and gelatin cz
sules, and the size dependency is analyzed quantitatively on 1
basis of the kinetic theory of gases. The results are useful f

Laser-polarized noble gas NMR has attracted special attdR€ quantitative discussion of the relaxation time pertinent to tf
tion recently in material science, solid state chemistry, and clifall material.

ical medicine 1). Under optimized conditions this method can
give sensitivity enhancement of as much a3 démpared with
the thermal equilibrium irfHe and*®Xe NMR. Relaxation
time, especiallyTy, is a very important property in handling
substances with such a highly polarized stdigis long inthe  An optical pumping cell was placed at the side of a supercot
pure gaseous state, but is shortened whers@ixed with the  ducting NMR magnet (vertical type) used for NMR measure
gas @). It is also shortened very much when dissolved in gent under a fringe field of about 12 mT. A Pyrex cylinder cel
liquid solution of various media, including biological samplegith a diameter of 60 mm and a length of 100 mm was used. R
(2c, 3. On the other handT; is expected to offer important metal (about 0.2 g) was sealed into the cell under high vacuu
information on the surroundings in which the noble gas is sitgt0-° Torr) and Xe gas was supplied from a cylinder througt
ated. In this respec#°Xe is a very prominent nucleus since itsg predrying vessel containing K—Na alloy. This alloy is a fluic
chemical shift also changes in wide ranges of parts per milligyith metallic luster and is very useful for rigorous drying of
(as much as 200 ppm) depending on the state of the matjgges. It is also useful for removing oxygen and carbon dioxid
4. which are possibly included in the Xe gas and eat Rb metal. Tt
metallic luster was checked for high sensibility of the alloy whel
170 whom correspondence should be addressed. Fax: +81-6-6879-2438SSing the Xe gas over the metal alloy. When a small amount
E-mail: fujiwara@sahs.med.osaka-u.ac.jp. the polarized Xe gas was drawn from the optical pumping cell t
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the NMR tube for sample preparation, the gas was automaticallgs from Ilwaki Glass Co., compatible with Pyrex 7740, hard
refilled from the cylinder. Here a 50-ml plastic syringe was useglass (second grade) was from Akagawa Co., and Hokkai-Sup:
for temporary stock space of the Xe gas from the cylinder. Tlgass (second grade) and Ordinary-Class glass were from Nihc
pressure of Xe gas was 1 atm throughout the present experimanki Glass Co. A short stem was attached to each of the glas
and no other gases were mixed. This mode of gas treatmbulbs as an inlet for the polarized Xe gas.

benefits the ease of operation: the polarized Xe gas needs no s&mpty capsules made from gelatin films, available commer.
lidification since the inert gas of Nor He-4 is not mixed and no cially as pharmacy grade, were used for the gas container. The
separation is necessary. Also, this mode is safe in handling tapsules are cylindrical in shape but the smallest diameter |
glass apparatus: usually high-pressure gas, sometimes as higlsad as diameterin the analysis of; data below. Also, gelatin
10 atm, is used to broaden tBg transition of the Rb vapor and empty bulbs specially made and supplied from Nisshin Flour
to enhance the polarizability as much as possible. In the preshftiling Co. were used for comparison. They are purely spher-
study a polarizability of about 3% was attained, as judged froizal in shape and a pinhole is made on the surface, which i
the enhancement iB/N ratio of the'?°Xe NMR signal. This resealed by adhesive tape after introducing the polarized Xe ge
value is better than a reported value of 1% for 800-Torr Xe gasimo the bulb.

an uncoated Pyrex cell'}. Silicone coating will surely increase

the Xe polarization: probably it will increase the polarizatioNMR Experiments

by an order 7). But it was not attempted in the present stud .

si¥1ce the sig;(rzal enhancement was znough, evzn without SZC MR measuremepts were made on aYarlan INOVA 400 WB
coating. A laser diode array (Opto Power Corp., Model Opépectrometer 096523”9 at9.4Tand amblenttemperaturesz 10
A020-795-CSPS) was used under 15 W output power to exc%obe was used igr-Xe (110‘.5 MHz) so that a W'd‘?r range of
the Rb vapor. The polarizing cell was situated in an oven ma; %mple size could be dealt with. The glas_s or gela_ttln bulbs wer
by a polypropylene sheet to which a constant—temperature}é?t putinto a 1¢ NMR tube, to be filled with polarized Xe gas

blower, Leister Hot Window S, was attached to maintain t Igl. (11).bTh((aﬂ?a§ mltet spe;:tlalli/hmadﬁ)on th]?”blélb .‘:ﬁrfa‘fe wa
oven temperature at 120. A schematic diagram of the ap_seae y adhesive tape atter the bufb was Tilied WIth porarize

paratus is shown in Fig. 1. The polarizing system is basicaﬁ(edg?];gghe bulbs were then put into ano;hequle tube
made using Pyrex glass, with an optically ground plate for tt%] t Xe NMR spectrum was measured.

window of the polarizing cell and Pyrex stop cocks with high-

vacuum O-rings from Young Co. are used to manipulate the Xe RESULTS AND DISCUSSION

as flow. . . . .
9 129xe relaxation time was measured for various sized cav-

ities smaller than 9 mm in outside diameter. Glass bulbs an
gelatin capsules with different diameters were used to encay

Xe gas (natural isotope compositiori?Xe = 26.44%) was sulate laser-polarized®Xe gas. Gelatin capsules commercially
purchased from Osaka Sanso Co., Ltd. available as Japanese Pharmacopoeia D-175 (hereafter abbre

Glass bulbs were all made by blowing the commercially avaikted JP grade) were also used. Table 1 listtrdata observed
able glass tubes: quartz was from Toshiba Co., Ltd., Iwaki TE36r these samples. THE value was measured by repetitively
applying small flip-angle pulses and by analyzing the intensity
data according to the equation

I Laser
Q In($) = {In(cosa) — Tr/Tu}(n — 1) +In(Sy),  [1]

Materials

air Blower whereS; and S, are the signal intensities for the 1st amith
Cell pulses, respectively is the pulse angle, antk is the pulse
_ repetition time. This equation means that plots o) @gainst
L airoutiet n—1 will give a straight line with a slope of In(co§ — Tg/ T:.

¢ Oven Such a plot is shown in Fig. 2 for the quartz glass bulbs. Exac

determination of the pulse angleneeds special consideration
in laser-polarized experiments, since the ordinary determinatio
method does not apply in this case. That is, the laser-polarize
high degree of magnetization is not regained once it is tiltec
o _ , onto thexy plane to monitor the pulse angle in the trial and
FIG. 1. Schematic view of the apparatus for supplying polarized Xe gas. ..

E, expander of the laser beam (cylindrical concave lens); M, reflecting mirrcﬁ,rr_or method. In such a Casej repetition of the measureme
Q, quartz window of the oven; C, stop cock; T, trap cooled by ice; N, NMR tubdSing 2¢ degree pulse immediately after thedegree pulse
(10p); S, plastic syringe (50 ml). can give an estimate of the pulse angle. The difference in th
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TABLE 1 15
Relaxation Data of the Laser-Polarized '?°Xe Gas Encapsulated
in Glass Bulbs and Gelatin Capsules?
Glass bulb Gelatin capsule
Iwaki TE30 Hokkai-Super JP grade Gelatin bulb
d T1 d Ty d T1 d T1 25
7.8 94.1+9.8 8.1 27.6:2.8 8.8(# 00) 105.485 6.3 179.9-15.0
6.6 66.9+-9.3 6.1 20.3:0.1 7.8(#0) 84.1+4.7 5.7 150.6£20.8
5.8 25.3+4.5 55 17.10.7 6.8(#1) 78.&5.8 4.3 89.8:10.3
42 187+2.8 49 14707 6.3(#2) 59.23.7 41 79.9:9.4
40 13.9+3.4 5.8(#3) 52.%3.8 15
34 13.2+46 51(#4) 45540 n-1
Glass Bulb FIG.3. The two plots of InG,) againsth — 1 to determine the pulse angle

« based upon Egs. [1] and [2]. A JP grade gelatin capsule No. 0 is used, whic
has a diameter of 7.8 mm id. A# pulse, for which the pulse duration time is

d T d T d T d T 2 us, is applied repeatedly every 4.338 s at first (a total of 22 times), and the
the 2x° pulse, for which the pulse duration time i, is applied in the same
6.4 172.8£16.1 6.6 65.6:5.1 6.8 126.8:15.3 6.4 97.2:13.4  manner (a total of 13 times). Analysis of the plots according to Eq. [2] gives
a = 16.5°. Integral intensity is taken for the value 8f on an arbitrary scale
Earately in the two casefl) «° pulse is applied.€) 2«° pulse is applied.

Quartz Iwaki TE30 Akagawa Ordinary-class

2d is the inside diameter of the spherical volume in millimeters &nds
the longitudinal relaxation time in seconds. Standard errors are estimated in%fi
linear plots of Eq. [a-7].

tion of «. In the present study thus determined was typically
16.5
slopes of the plots of Eq. [1] for the and 2x degree pulses

b The T, data measured are listed in Table 1. Error limits in
ecomes Table 1 are estimated from the repeated run of the experimen

slope(2) — slopefr) = In{cos(2x)} — In(cosa) Size Dependency of the Data

=In{(2cosa —1)/cosa).  [2] A simple treatment based on the kinetic theory of gases i

given in the Appendix for the relaxation effect from the wall
Therefore, coa can be determined from the measurement usigg the gas container. The treatment shows that the relaxatic
a pulse angle (and hence a pulse duration time) twice as lafgfe observed experimentally by changing the gas volume |
as the initial one. Figure 3 shows an example of the determirgoportional to the inverse square of the diameter for spheric
samples. This type of plot is given in Fig. 4 for a typical case of
gelatin capsules of JP grade, for which the regression equatic
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1/T1
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FIG. 2. Plots of In&,) againsin — 1 based upon Eq. [1] for the glass bulb 1/(d*d)

made by Iwaki TE30. The bulb diameteris 6.6 mmid and a%lpuise is applied
repeatedly every 1.338 s (a total of 28 times). Integral intensity is taken for theFIG. 4. Plots of 1/ T; against ¥d? for the JP grade gelatin capsules based
S, data on an arbitrary scale. upon Eq. [a-7].
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is obtained as 240 s in the uncoated cell’\. Hokkai-Super glass has given a
similar solpe (Eq. [6]):
1/T; = 0.504(0.049)1/d? + 0.00321¢-0.00126)
(3] 1/Ty = 1.218(0.045)1/d? + 0.0174¢-0.0014)
= 0.981 [6]
r = 0.999
where the+ values in parentheses show standard errors esti-

mated in the regression analysis ansthe multiple correlation The intercept of the plots shown in Egs. [3-6] is very small,
coefficient. The correlation coefficient is sufficiently high an@hdicating a large value foFy inr. This Ty value is estimated
the 1/d? predicted in the Appendix is realized in the experitg be 312 s from the intercept in Eq. [3].

ment. This also supports our Xe gas purification method, sinceThe T, value is also dependent on the glass material. Quart
the relaxation time data would be scattered on repeated mpaoutstanding in giving a longé, value when compared in a
surements if purification is insufficient and the purity of Xe gasimilar sized cavity (Table 1). This is probably because glasse
changes with time. From the value of the slope in this equatiafther than quartz include metal oxides, especially paramagnet
t1wan = 170+ 17 is obtained according to Eq. [a-8]. This valugnetal ions, which effectively relax the laser-polarized Xe gas
means that the wall contribution to the relaxation tifigwar,  when the gas collides with the wall. Pyrex glass surely contain:
amounts to 170 s for 1 atm and room temperature Xe gas encaout 0.03% ferric oxide as an ingredient. Surface treatmer
sulated in a gelatin capsule with an inside diameter of 9.2 i silicone compounds is reported to retard the relaxation o
(see the Appendix). Similar treatment of the data measured Witz encapsulated Xe gas. An extension of our studies includin
the gelatin bulbs specially offered from Nisshin Flour Millingsych a coating effect is now underway. But it is clear in the

Co. for the present study resulted in the equation present study that the quantitative analysis of relaxation time
is useful for differentiating the physical and chemical proper-
1/T; = 0.199(0.005)1/d? + 0.00052(-0.00023) ties of the surface. Such an analysis is also expected to be us
[4] ful for biomedical analysis of surfaces of tissues and organ:
r = 0.999 in vivo.

This equation basically supports the results reached in Eq. [3],

but detailed comparison shows that the slope is smaller in Eq. [4] APPENDIX

than in Eq. [3]. This difference may come from a difference in

the composition of gelatins or in the physical properties of tHe

gelatin films, such as the hardness or permeability of gases. The

shape effect may also be responsible for this small differencewhen an atom possesses self-diffusion condbainta cavity

since the JP grade gelatin capsules are not spherical in rigor@ig diameterd, the statistical average of the time required for

shape. They are composed of cylinders with hemispheres at bgtbollision with the surface of the cavity) is given by the

ends, and the shortest distance is taken for theds(déameter) equation

ofthe cavity. This effect may be taken into account by calculating

and averaging the distance to the wall at every point inside the {t) = d2/(15D), [a-1]

gelatin capsule. Such a calculation is possible on a computer, but

Lurther.detaned d|scu55|.on is not attempted and 'another typ?wcﬁere the statistical average is taken for every point inside th
ulbs, i.e., glass bulbs, is tested and compared in the followmg X

paragraphs. cavity.

In the case of glass bulbs (Pyrex), similar treatment offthe E This f orl:(tjam%d fl_rr?n:ithfh fOHtO\fi”rt‘ig rlelst'?n‘c‘h'r:,sthg“é?rl '2
data has resulted in the equation gs.[a-2] and [a-3]. Thatis, the statistical average of the distanc

from a point inside the cavity to the surface is given in quadratic
form,

iameter Dependency of the Relaxation Time of 1?°Xe Gas
in a Spherical Cavity

1/T; = 0.968(£0.163)1/d? + 0.00003¢-0.00847)
(3]

r =0.948 (12 =f|2dv//dv,

The slope in this equation givelgwa = 88 £ 15. There-

fore, the glass surface is said to have a large wall effect in Mghere dv is the volume element in the polar coordinate
laxing the laser-polarized Xe gas: it is larger by about 5 timé&¥stem, i.e.dv = r?sin6 dr do d¢. This equation leads to
that of the gelatin surface (Eq. [4]). The valuetpf = 88 s Ed. [a-2]:

gives an estimated value of vy = 416 s for a Pyrex cell with

a 20-mm diameter. This value parallels a reported value of about (1) = (2/5)d>. [a-2]
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Let an atom move the averaged distance(bq‘)Il/z within  described as$s wall multlplled by the number of collisions per

the average timé&); then Eqg. [a-3] holds. secondf; wai becomes dimensionless. Finathy, can be said
to express the wall effect in the relaxation time for 1 atm Xe gac
(%) =6D(t) [a-3] encapsulated in a cavity of 9.2-mm diameter for which collision

occurs once in a second at room temperature (Eq. [a-6]).

Equations [a-2] and [a-3] give Eq. [a-1].

In the next step the relaxation rate of a Xe atom inside the ACKNOWLEDGMENT
cavity is considered to occur as the sum of the intrinsic relaxation
rate observed under infinite size, T i, and the contribution A K. acknowledges financial support by the Kowa Life Science Foundation.
from the wall, ¥ Ty wan,
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