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Measurement of Convection and Temperature
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This paper describes a method for measuring the rate of con-
vective flow in a liquid sample used for high-resolution NMR. The
measurement is straightforward and achieves a clean separation of
convection from other effects such as diffusion and relaxation.
Convection results from temperature gradients within the sample,
and it is shown how these can be measured with the aid of a simple
chemical shift imaging experiment of a sample whose spectrum
shows a strong and well characterized temperature dependence.
The use of these two methods is illustrated by showing how the
rate of convection and the temperature profile depend on the
solvent, temperature, and gas flow rate of the temperature regu-
lating system. It is also shown that broadband “C decoupling
results in significant temperature gradients and associated
convection. © 1999 Academic Press
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INTRODUCTION

, 1998; revised March 17, 1999

some typical NMR samples showing the effect of solven
viscosity, temperature, and flow-rate of the temperature reg
lating gas on both the temperature profile and the rate «
convection.

THEORY

Compensation of Convection Effects on Coherence Selectio
Using Gradients

This work is concerned with convection parallel to the long
axis (thez-axis) of an NMR sample. In such a case, convectior
can be envisaged as an upward movement of less dense (hot
liquid, thereby displacing cooler liquid. A temperature gradien
is necessary to create the differences in density which result
convection. Convective flow has a laminar component, whicl
involves the steady movement of liquid, and a turbulent com
ponent; we will only be concerned with laminar flow.

It has been recognized for some time that the quality of COnvective flow only takes place when the temperatur
high-resolution NMR spectra is degraded by temperature gf§adient exceeds a critical value which depends on, amor

dients which result from poor temperature stabilization of t

sample. The elegant work of Allerhared al. on

resolution NMR” is a particularly striking demonstration of th
important role that temperature control playls #). Not sur-

prisingly, therefore, obtaining good temperature control is
crucial factor in the design of NMR probes and variable tent€

perature units.

H¥her things, the shape of the sample, the viscosity and therrr
“ultra_high expansivity of the liquid, and the acceleration due to gravity
dthe motion in the vertical direction is against gravity). A

simple calculation based on the modified Rayleighad3d
eguation indicates that, for a solvent such as chloroform,
mperature gradient of as little as 0.05 K ¢ris sufficient to
cause convective flow. In general, larger temperature gradier

In this paper we introduce two experimental methods whi@€ needed for more viscous solvents.

As convection results in the physical movement of the spin

make it possible to measure, quantitatively and in a straight- ) X : X i
forward manner, the temperature profile in the sample and thdterferes with the formation of gradient spin echoes, in th

rate of convective flow which is often a consequence of &Me way in which diffusion interferes; coherence selectio

uneven temperature profile. As has recently been shown Lb§)'ng gradients is also affected. However, the ordered nature

Jerschow and Niier (3, 4) the presence of convection in theconvection makes it possible to use modified pu_lsg gnd grac
sample is particularly deleterious to experiments which u&8t Sequences to compensate for its effects; this is in mark
pulsed field gradients for coherence pathway selection. §§ntrast to diffusion, a random process, whose effects cann
even if the resolution of the spectrum is not significantl§€ compensated. o

affected by the temperature gradients, the associated convedD the contextof NMR imaging, Callaght al. have shown

tion can result in a loss of signal. We present measurements it is possible to devise pulse sequences which, to son
degree, undo the effects of convection on gradient refocusir
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shown that the idea afonvection compensatiesthat is, pulse
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FIG. 1. Gradient and pulse sequences used in this work. Pulses are shown on the line marked RF and gradients on the lBetimerkearkers for some
of the sequences are shown on the line matkétbr sequence (c), the selected coherence transfer pathway is shown beneath it. All pulses have 90° flip
and phase unless otherwise noted. Sequence (a) is a simple gradient refocusing scheme, which is not convection compensated, and sequence (b)
complex scheme which is convection compensated provited ¢,) = (t, — ts5); see text for further details. Sequence (c) is the one advocated in this par
for the measurement of convection velocity profiles. The phasesid ¢, are cycledx, y, —x, —y andx, —y, —X, Y, respectively. Sequence (d) is a chemical
shift imaging experiment which can be used in conjunction with a compound whose spectrum is temperature sensitive to measure temperature profil

sequence elements designed to cancel the effects of convection vpG(t) z(t)dt,

on refocusing—can be included to advantage in a number of

high-resolution NMR experiment$(4). Our method for mea- \here y is the gyromagnetic ratio. If it is assumed that the
suring flow is baged on the idea of cpnvectlon compensatlons';&.]S are moving in the-direction with velocityv, z(t) can be
this will be described in some detail. written asz, + vt, wherez, is the initial position at the start

_ Whgn pulsed fle!d gradle_znts are us_ed for cohere.nce selgEthe pulse sequence (time 0). A gradient pulse of length
tion, first a defocusing gradient is applied; the result is that ”é\?;plied, and for generality it will be assumed that this starts ¢

coherence acquiresspatially dependerphase. Then a coher-time t,. The total phase acquired at the end of the gradier
ence transfer step follows, and finally a second refocusipgse is given by

gradient designed to undo exactly the spatially dependent

phase caused by the first gradient. The size of the spatially ti+7

dependent phase is determined by the coherence order, the J vpG(t)[ zo + vt]dt
shape, strength, and length of the gradient and, as its name t

implies, the position of the spin (or spins) in the sample. For ti+7 ti+7

the second gradient to undo exactly the phase induced by the = J vpG(t) zodt + J vypG(t)vtdt
first, and therefore refocus the required coherence pathway, the f t

spins must remain immobile during the gradients and the = ¢y + P,.

period between them. With any movement to a new position
the spins will experience a spatially dependent phase during the the second line the first integral is the usual spatiall
second gradient different from that needed to undo the effectddpendent phase,; the second integral is the velocity depen-
the first gradient. The result will be a loss of signal. dent phaseg,. In the case of a square-profiled gradient of
The basic idea needed to analyze the effect of a gradientstiength G, these phases are, = ypG,z,7 and ¢, =
the presence of convective flow is that of theocity depen- 1ypGv(2t,r + 7°). In the latter phase, the term i is due
dent phaseThis is a phase, additional to the spatially depene the movement during the gradient, and the ternt,inis
dent part, which is acquired because the spimmseduring a attributable to the movement which has already taken plac
gradient and so experience a varying magnetic field. If thior to application of the gradient.
gradient is assumed to give rise to a linear variation in mag-The simplest refocusing scheme is to imagine applying th
netic field alongz, with magnitudeG(t) at timet (for example, first gradient, of lengthr and strengthG{”, at timet,, then
G might be in T m* or G cm ), the strength of the magneticapplying a second gradient of equal length and of stre@gth
field at positionz(t) due to the gradient i&(t) z(t). The phase at timet,; this sequence is shown in Fig. 1la. The spatially
acquired by a coherence of orderat positionz(t) between dependentp’, and velocity dependeng!’, phases due to the
timet andt + dt is given by first and second gradients are
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o’ = ¥pGy'2oT, 1 = 3ypGEV(20T + 77 +G

08 = WGFzT, ¢ = 1ypCPv(2Lr + 77,
where for simplicity it has been assumed that the gradients

have a square profile and that the coherence order has not t, ty
changed. In the absence of convectign= 0), settingGy = ;1 ¥ I ts Time

Magnetic field

L
|

-G will ensure complete refocusing as the two velocity ~~
independent phases)s” and ¢$, cancel and the velocity Sl ¢y
dependent phases go to zero. If there is convection, the velocity TSN l
dependent phases do not go to zero but leave a phase \\

~
~
-

\,_G

O+ 91 = 1ypOEv(2i + 17
FIG. 2. Visualization of the mechanism of convection compensation by

— 3ypGPv(2t,r + 7?) the gradient sequence of Fig. 1b. The plot shows the magnetic field due to t
gradient pulse experienced by a volume element of spins which is moving wit
= VPGE}DVT(tl —t,). [1] asteady velocity in the direction of the gradient. The solid line, matket$

for a positive gradient and the dashed line, marke@, is for a negative

. . . gfr%dient. The phases acquired by the spins at titpes,, t;, andt, are
This unwanted phase depends on the velocity, the duratlonp portional to the strength of the magnetic field at these times; note that tt

the gradients and, most importantly, theparation in timedf  second and third gradients are applied in the sense opposite to that of the fi
the two gradients. and fourth, so the magnetic field for the former two is given by the dashed ling

The key to removing this unwanted phase error is to apvaided thatt(z_— t;) = (t, — t3) the phases Wi|! canct_al and the signal will
two further gradients: the third starts at tiheand is in the be refocused without loss; see text for further discussion.
same sense as the second gradient, and the fourth is applied at
timet, and is in the same sense as the first: G& = —G® The phase experienced by a coherence is proportional to t
andG{" = G{"; this sequence is shown in Fig 1b. Clearly, irqnggnetic figld, which i.s prpportiona.l to dist.ance and he.nce,.i
the absence of convection, the third and fourth gradients wiiiS case, time. For simplicity, motion during the gradient is
refocus one another. In the presence of convection, the velodgpored, so that the phasg,, acquired during the first gradient

dependent phase arising from the third and fourth gradients?lgced at time, is simply proportional to the magnetic field at
that time. The phase acquired during the other three gradier

is likewise proportional to the magnetic fields at the times the
are applied, with the proviso that the gradient direction be
reversed for the second and third gradients. Inspection of t
diagram shows clearly that the differencg, (— ¢,) will be
= —ypGPvr(ts — t,). equal and opposite to the differenag,(— ¢) provided that
(t, — t,) is equal to {, — t;); the separation of time points
This can be made equa| and opposite to the Ve|0city depend@ﬂﬂh is irrelevant. This is the condition for convection com-
phase resulting from the first two gradients by ensuring thapensation outlined above.
Generalizing this argument for arbitrary gradient sequence
(t, = t;) = (t, — ts). the condition for compensation is that the velocity depender
phases cancel, which requires that

In words, the condition for compensation is that the velocity

dependent phase resulting from the first pair of gradients, Eq. irm .

[1], be canceled by that from the second pair. In this example, > J ypiG"(Hvtdt = 0,

this condition is met by making the separation between the two P

pairs of gradients the same, but there are other possibilities

which involve varying the strength of the gradients. where the index indicates thath gradient, starting at time
This method of compensation is visualized graphically in Fignd of durationr;. The factors ofy (for the homonuclear case)

2. The diagram shows the magnetic field, due to the gradient s8lVv cancel so the compensation condition can be express

function of time, which is experienced by a small volume elemefitore compactly as

of spins assumed to be moving with a steady velocity. Distance,

and hence the magnetic field due to the gradient, is thus directly tit _

proportional to time. Two lines are shown: one for a positive > f PG (Htdt = 0.

gradient (-G) and one for a negative one-G). i Jy

O + ¢ = ~3ypGEv(2tsr + 7)

+ 3 ypGPv(2t,r + 72
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In words, this says that the first moment of the effective gradierfisom the above discussion it is clear that these quantities a
must be zero, where the effective gradient is the gradient strengtfual, and the sequence convection compensated, when
multiplied by the coherence order. This condition assumes that,g. Note that, in contrast to the sequence of Fig. 1b, all th
given spin moves at a constant velocity throughout the expegiradients are applied in the same sense; however, the coh
ment; if there is any change, the compensation is incomplete.ence order is-1 during the first and fourth gradients, and
during the second and third. Effectively, the spins experienc
Measurement of Convection Velocity Profiles the second and third gradients in the opposite sense, as requi

If refocusing is imperfect due to convection, the result will® refocus the spgtlally dependent phase. .
be that the signal acquires a phase shift dependent on th(:_l-he total velocity dependent phase for the sequence is
velocity, the strength of the gradient, and the timing in the
sequence. In practice, there will usually be a distribution of D= yGNVT(Tm1— Tm2)s
velocities and, when summed across the whole sample, the

resulting distribution of phases usually results in an attenuatiwp]ere it has been assumed that all the gradients have a squ
of the amplitude of the signal. In principle it ought to be, e and are of the same streng@,. Note that this phase

possible to measure the velocity distribution from this sign Ioes not depend on the position of the spins in the sample, a
attenuation—for example, by measuring it as a function of thg, e cause the gradients have been assumed to be of the s
length or strength of the gradients. However, there are othgp i there is no term in® as the velocity dependent phases
factors, such as diffusion and relaxation, which also causfiich accrue during the gradients cancel (see Eq. [1]). Fc

attenuation of the signal in such an experiment; it would %n-square gradients with shape factorthe phase simply
desirable to be able to separate these effects. be

X ) _becomespy” = ysGeV1(Tn: — Tma). The shape factor is the
Figure 1c shows a pulse sequence which we have dev'%ﬁ'ga under the gradient profile, normalized so that a squar
which makes it possible to measytest the part of the signal

. X X ! shaped gradient has = 1; for gradients shaped to a half
attenuation due to convectiott.will be shown that if one of the ;o hell's = 2/7.

mixing times is_ decreased vyhile_ the other is increased in concertp o key point is that this velocity dependent phase depen
the resulting signal attenuation is solely due to convection.  ,, 1 gifference in the two mixing times, whereas effects suc

Basically the sequence consists of two stimulated echogs, jiffsion and relaxation will depend on the sum of the
with mixing times 7, and 7. The gradientsG select the i ing times. By altering the timing in such a way that the surr
coherence transfer pathway shown, and the grad@pisare ¢ 1hage two times remains constant, but the difference betwe

us.e.d to destroy all buz-magn(-‘j-tization present dl_Jring thehem varies, we achieve an experiment in which the signe
mixing times. The second gradie@t refocuses the first, and attenuation depends solely on convection. If the difference i

likewise the fourth refocuses the third. The gradients are m‘e two mixing times i\, and their sum i, the two mixing
duration  and the timess are small delays to enable thejes are ’ ’

homogeneity to recover after the gradient pulses.

In contrast to the simple sequence of Fig. 1b, all the gradi-
ents in the sequence of Fig. 1c are in the same sense, so that the Tma=3(T+A) and 7n,=3(T—A).
pathway which is refocused is one in which the coherence
order present during the refocusing gradient is opposite in sigg find an expression for the signab, from the sample,
to the coherence present during the defocusing gradient; thigégount needs to be taken of the possibility that the convectic
indicated by the accompanying coherence transfer pathwailocity may not be constant, but distributed in some way. |
The two sequences are entirely equivalent with respect to #i@) describes the probability distribution of the convection
effects of convection. The change in coherence order is neegetbcity, then the signal is
in the sequence of Fig. 1c in order for chemical shift evolution
during the times when the magnetization is transverse to be
refocused at the end of the sequence.

The four gradient pulses start at timgs - - t,, where

S(A) =k fx f(v)exp(ip ) dv

—o

t,=0, thb=7+06+ T4 @
= kj f(v)expliysGyvrA)dv, [2]
t3 = 27' + 28 + Tm,11 t4 = 37 + 38 + Tm,l + 7m,21 —o
from which it follows that wherek is a constant. The simplest assumption is that th

velocity distribution is constant in the rangev, ., t0 Vs IN
(tb—t)=7+8+ 1, and (t;—t3) =7+ 6+ 7. this case, the signal is



338 LOENING AND KEELER

S(A)  siN(ySGoVmamA) Zuoet al. (7), has a suitable temperature dependent spectrur

S = vSGoVradA The compound is paramagnetic and shows proton resonanc
over the range-400 to 520 ppm; the several peaks have ¢
strong and well documented temperature dependence, and

whereS, is the signal whe\ = 0. As a function of the time di : luble. We ch ‘ the t
A the normalized signal varies as a sinc function; assuming tgQynpound 1S water soluble. YWe chose 1o measure the tempe
re based on the separation between the two resonance:

the gradient strength is known, there is just one parameter toa_ﬁ\i55 and 73 ppm (at 300 K). By measuring a separatior

the experimental data, that is, the maximum velocity. The A
P y er than an absolute frequency, problems Biflshifts due

analysis shows how the experiment achieves a clean separa{if‘g N dient d i foct. Shimmi d i
of convection from other effects. o0 the gradients and imperfect shimming are removed; i

For the general case, it is seen from Eq. [2] that by recoﬁ?d't'on' as these two peaks move in opposite directions whe

nizing ysGyvr as a frequencyw, S(A) is the inverse Fourier e temperature is changed the sensitivity of the measureme

is improved.
transform off(«) One difficulty with HTmDOTP is that the lines are quite

broad, typically 200—300 Hz, which reduced somewhat th

S(A) = k ” f AV accuracy to which their positions can be measured. Neverth
(4) = vsSGyr (0)expliod)do less, it is estimated that with SNR of around 100:1, typical ir
- our experiments, it is possible to determine the frequenc
k separations to within 1 Hz and hence determine temperatu
= -1 1
¥SGyr FT ' {f(w)], changes of as little as 0.01 K.
wheref(w) is the velocity probability distribution expressed in RESULTS

terms of w. It follows that f(w) is the Fourier transform of

S(A), multiplied by a scaling factor; the frequency axis is All spectra were recorded using a Bruker DRX300 spec

interpreted asysGyvr, which can be turned into a velocity trometer equipped wita 5 mmdual probe; the radiofrequency

provided that the gradient strength is known. From measufil is about 1 cm in length. The samples used were containe

ments of the signal decay it is thus possible to determine tiestandard 5 mm diameter tubes and were filled to a depth

velocity profile. ca. 6 cm. The temperature was regulated by means of
If f(v) is symmetric abow¢ = 0 thenS(A) is real, i.e., it has variable temperature unit consisting of a chiller which runs a

pure phase. In our experiments we have not detected any pr#d&ed temperature followed by a heating stage. The tempe

shifts in S(A) which would indicate an unsymmetrical distri-ature was measured by means of a thermocouple located bel
bution of velocities. the sample region. Measurements were also made on a Bru}

DRX500 spectrometer, with very similar results.

Measurement of Temperature Profiles

. , Convection Measurements
The approach to measuring temperature profiles that we

have adopted is to record a two-dimensional chemical shiftFor the pulse sequence of Fig. 1c, typical experimente
image of the sample tube. Essentially, such an image allows tlumditions are gradientsg, of strength 11.6 G cnt, duration
measurement of a high-resolution spectrum at different po&i-ms, and shaped to a half sine-bell. Total mixing times of 3.
tions in the sample. By choosing a compound with a waths for nonviscous solvents such as Ckl@hd 320 ms for
characterized temperature dependent spectrum the temperatwee viscous solvents such as water and DMSO are typice
can be measured. In our case, we were restricted-dris these enablé\ to be varied between-32 and+32 ms, and
gradients, so the measurements are of average temperatures3f0 and+320 ms, respectively.

a series of thin slices along the long axis of the sample tube.Figure 3a shows results obtained using DMSO in DM&O-
The imaging sequence used is shown in Fig. &g the at a temperature of 320 K; a value Afsomewhat larger than
strength of the gradient is incremented in regular steps usual has been used so that the decay can be visualized clea
generate the second dimension (analogous;fand as no The signal decay has the appearance of a sinc function, and
gradient is applied during acquisition a high-resolution spemoderately well to such a function, leading to an estimate c
trum is recorded. After double Fourier transformation cross..,as 477+ 5 um s *. As discussed above, the model which
sections parallel td-, through the resulting spectrum corredeads to a sinc function for the signal attenuation assumes th

spond to spectra taken from successive slices through the velocities are distributed evenly between,,,, and +V .
sample. Fourier transformation of the decay gives a direct measure
We have found that the thulium complex, thulium(lll)-this velocity distribution, and this is compared in Fig. 3b with
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis-(methylé¢he flat distribution based on fitting the decay to a sinc functior
phosphonate) complex (HTmDOTP), recently advocated ltycan be seen that there is fair agreement in terms of the ran
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FIG. 3. Plot (a) shows, as dots, the measured signal attenuation, as a function of the thre 7., — 7,.,), recorded using the sequence of Fig. 1c; as
described in the text, provided that the sum of the two mixing times is constant, the signal decay is attributable solely to convection. Thersfite-tikéhp
decay is clearly visible; the solid line is a best-fit sinc function. Plot (b) shows, as dots, the velocity distribution which can be deduced bsaRsimigration
of the time decay shown in (a). The square distribution, shown by the solid line in (b), is determined from the best-fit sinc function shown in (a).

of convection velocities present, but that the real distribution is The convection velocity is also affected by the gas flow rat
by no means flat. through the variable temperature unit; Fig. 4b gives som
Convection is essentially a thermally driven process and alspresentative results for the three solvents. It is seen that t
depends on the detailed physical properties of the solvewnglocity of convection does depend on the flow rate, appearir
Generally, less viscous solvents are expected to show fagteincrease quite markedly at rates below approximately 30
convection. Figure 4a shows data for convection velocitiditers h™* (the data in Fig. 3a were taken at a flow rate of 45(
(expressed as,., values based on fitting the signal decay wittiters h™*). Presumably at the lower flow rates there is insuffi-
a sinc function) as a function of temperature for three differentent thermal capacity in the gas to maintain a constant ten
solvents: DMSO, HO, and CHC/. In each case the signalperature across the sample. These results point to the impt
monitored was from the protonated form of the deuteratéance of ensuring adequate gas flow, and give a method
solvent. As expected, the convection velocity rises quitessessing whether or not the flow is adequate.
steeply with temperature, approximately doubling for a 5-10 K Decoupling, particularly broadband decoupling of a hetero
rise in temperature. Chloroform, because it is significantly lessicleus such a§C, requires quite high power irradiation and
viscous than DMSO or water, shows more than an order tbfis can cause direct heating of the sample. Figure 5 shows t
magnitude faster convection. effect of such irradiation o’C at two different power levels

a b
020 T T T T ‘ T 4 15 T T T T T 3 T
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s ® 2 1%
0151 2 -3
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i 1
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FIG. 4. Maximum convection velocities, determined using the sequence of Fig. 1c followed by fitting of the data to a sinc function, for different combin:
of solvent and gas flow rate through the temperature regulator. The closed circles ag®fandHthe closed diamonds are for DMSO; these points refer to th
left-hand scale. The open triangles are for CK@hd these refer to the right-hand scale. The data shown in plot (a) were recorded at a flow rate of 450 |
h™ and show the variation of convection velocity with temperature. The data shown in plot (b) were recorded at a temperature of 320 K and show F
convection velocity varies with gas flow rate. In each case the sample consisted of a small amount of the protonated form of the correspondihgaleernerate
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0.20 : - | . T Temperature Profiles
[ ] ®
o015k o * . i _ For the_ imaging p_ulse sequence of Fig. 1d typical paramete
- involved incrementing the gradient (length 1p6) from —23
'g . to +23 G cm ' in 256 steps. After Fourier transformation this
g 010 ] gives a slice thickness of 17@m. All measurements were
\g . made using HTmDOTP dissolved in,O. Data are plotted for
> 005F a 4 & . A . the region £0.4 cm from the center of the sample; slices
¢ corresponding to greater distances had insufficient signal |
0 Y d , . . them to allow a reliable estimate of the temperature to be mad
205 300 305 310 315 320 325 Figure 6a shows the effect of varying the temperature at

low gas flow rate of 200 liters H. The first point to note is that

the average sample temperature deviates significantly from tl
FIG. 5. Maximum convection velocities for J© (in D,O), determined temperature set on the variable temperature controller. This

and plotted as for Fig. 4; the gas flow rate was 450 liters fihe closed perhaps not surprising, given that the thermocouple used by t

diamonds were m_easured in the absenc@(bfdecou_pling, the open triangles variable temperature unit is outside the sample. At the highe
were measured with a decoupler power of approximately 1.5 W (18 dB belqw

the maximum power available), and the closed circles were measured witl egnperature (325 K) thereis a gradlent of altrb& across the

power of approximatgl 6 W (12 dB below the maximum). sample, with the top (positive) cooler than the bottom. Such
a situation is expected to lead to convection, and this correlat
with the high convection rates found for such flow rates (se

typical of those needed for broadband decoupling. The dutjg- 4b). At lower temperatures the gradient is much smalle
cycle of the decoupling was 30%. Irradiation at the highdtecoming barely perceptible at 300 K. It is interesting to nots
power level causes a dramatic increase in the convection {f2at at 315 K the ends of the sample are cooler than the midd|
locity, to the extent that the underlying variation with tempei@nd at lower temperatures the top of the sample is hotter th:
ature is swamped. At the lower power level there is still #e bottom (this is particularly noticeable at 310 K). Such ¢
significant effect, although, somewhat curiously, at the hightgmperature inversion is not expected to give rise to conve
temperatures the convection velocity is lower than that fouiti@n, at least on a scale comparable to that found for a profil
when no decoupling is applied. These results show that timewhich the temperature decreases going up the tube. It shot
variable temperature unit is incapable of compensating foe noted that because ontygradients are used, this experi-
uneven heating caused by decoupling, and further underline thent measures theveragetemperature in a slice, thus mask-
continued need for power-efficient decoupling methods.  ing any variations that occur in the transverse direction. Thi
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a b c
20 T T T 1.5 T T T 25 T T La—— g%?ﬁ
S0, sost0 | 315 K ensesisete
£060000000000000000000000000000000006, 5, 315 K o2 S0 ; . A: ggg & . ’“;::f 8650%°
X - J310K 20r e et (310K
5 151 siiessasassssasstosappassasssssssassss® o asass
g oc°°°° 1.0} - oo:::° 50 " Aal
‘é o —° aats “ _|
8‘ °°.o LIV ST S P PV SUPPPPPPRRR TV VW g 310K 1.5 “‘A“‘.‘ ,.o'..n..- 305 K
g 1 0 | %0 1320 K “““ ._.-..
- L Y .'_0'
3 X 0.5F 8 1.0} R T
RS S 305 K
Sos| ° Boea, . s 300 K
s A‘MA. 0.5 ”.“m' 7
,g AAMA 0.0 :.'QQQO‘Coooco.'O.'u'o".'-0-."'."0'."'.00.' 305 K . o'
R “a, ' PR
0.0F g b R i
g b4, 325 K 0.0+ ......00
o5 O 00 I had I hhttd l *%* 1300 K " . ~““..*..m.m.‘0.o.mo‘rmom0. 300 K 05 ) ) i
204 —02 00 02 04 04 02 00 02 04 04 02 00 02 04
z/cm z/cm z/cm

FIG. 6. Temperature profiles determined using the chemical shift imaging sequence of Fig. 1d in conjunction with HTmDOTP, whose spectrum is si
temperature dependent. All the data were recorded, &nd for various temperatures as indicated on the plots. The data in plot (a) were recorded with a
rate of 200 liters h', whereas those in plot (b) were recorded with a flow rate of 450 litetsThe data in plot (c) were recorded at the higher flow rate, but
with broadband*C decoupling at the 18 dB level (see caption to Fig. 5).
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may explain why there is convection in cases wheepjiears the methods used for their measurement, should be of intere
that the temperature increases in thdirection. to those involved in assessing and developing new probes a
Increasing the flow rate to 450 liters hgreatly reduces the temperature control units, as well as to those interested
temperature gradients, as is seen in Fig. 6b. These results ametermining whether or not convection is a significant sourc
line with the convection rate measurements, which also shaivsignal loss in their experiments.
that the higher gas flow rate minimizes convection.
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