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. ;'Resulta of some of these experiments were reported at this conference. and in

| the hterature 1 ~ Proton polarizations as high as 65% have been measured' the

' Protons in the water of crysta.lhzation, comprieing 3% of the cryatal mass, con-

Mdynamic nuclear orientation', or 'fl' effet solide", It haa been revxewed by

of polarized targets, 4

e | | UCRL_—-iMBS‘I
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July 3 1964

We have euccessfully conducted a serxes of experiments involving scat- :

average polanza.tion durmg suetamed data-takmg hag been typically 45%. .

| tering of hzgh energy pione and protons from a target containing pola.rized protons.‘

Figure 1 shows the target materxa.l ueed during some of these experimento..'f‘?.j

' v-“These are cryeta.ls of lanthanum magnesium double nitrate -- Laz\rig3(NO3)1z 24820

stitute the pola.rized sample. , When the four single crystals are stacked together,

: they occupy roughly a 1 inch cube and weigh 26 g. Larger targete are possible,

being hmxted at. present only by the extent of the ma.gnetzc-field homogeneity.

" The method used to obtain polarization of these target protons is known as -

Jeffries, z and by Abragam and Borghini, 3 a1l of whom played‘major roles in the

| Certam eaperzmental demands may also reetrict the eize of the crystal to be used."_v;f_':

development of this technique. One of vs has also written a review on the -subject‘

- One begins by i1'1’11'1‘1<31'sing the cryetals in a liquid He4 ba.th at a vapor ;~ o

"Work done under thenuepicea of the U._ S. Atomic Energy Cornmicsio_n.

'pressure of less than 1 mm of mercury, yieldxng temperaturee of 1. Z‘K. The o

’ ‘a.ppa.ra.tus is located between the pole facee of an electromagnet Wthh provxdes A

s er

{
{
‘
3




o shell electrons of even-atomic-number rare-earth ions can have configurationc -.:j

T UCRL-iHBs
a lughly uniform field of 18.7 LOe (eee Fzg. Z) Under these conditions the apins

of the protono, following the Boltzmann atatiztical distribution with reepect to

their magnetic energy levels, exhibit a thermal equilibrium polarlzation of i/6%.

Under the same conditions, _entities with magnetic moments comparable to that T

'of a.vfree electron (660 times that of a proton) are almost completely'polarized

_The "holce of a rare-carth crystal was ma.de partly because the unpaired inner-

that, at these temperatures, behave as localized spin --2- centers. having magnetic |

moments in excess of one Bohr magneton. For this purpose 1% of the lanthanum .

(which has an empty 4f-shell) is replaced by even ieotopes of neodymium (With v

three f-electrons) This is sufficient concentration for proton polarization to S

\

take pla.ce effICJ.ently. yet low enough that the neodymium ions constitute a

~ dilute paramagnetzc system; Other reasons for the choice of this particular e

target material include high .hydrogen content, ease of cryetal growing, and

favorable ratio of relaxation rates important for the dynarmcal polarization process. i '

The crystals are located in a microwave cavity inside the hehum bath, - . f '
|
(

so that high-frequency radiation of the proper energy to induce "forbidden" "
transztions can be apphed to them. In these transitions. the paramagnetic
- neodymium 1ons (hereafter ca.lled "electrons" for ahort) and neighboring hydrogen |

nuclei undergo simultaneous reversal of apin direction. ; The forbidden transition

'_'m -nacle posai’ole by weak magnetic dipolar coupling between electrons and protons. .

, which induces mixing among ‘the various ‘pure Zeeman states of the electron- :

: proton system. ‘I‘heee ievele are shown in Fig. 3

‘ The "allowed" transitions, in which the electron spin flips without affecting |

- the protons are closely coupled to the lattice vibrations.. Transitions between ‘ .' o

. levels connectnd by an allowed tra.nsitzon proceed very rapidly. 8o that the relative .

' fpopula.tion of the two levela is still given eesentially by the Boltzme.nn factor, o
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This means that (i) one electron is avaxlable to pola.nze ma.ny protons, and

: (2) the polarization of the electrons remains lfugh throughout the process. 3

In Fxg 3 there is a calculatzon of the theore..xca.lly a.ttama.ble proton sl
polanzatlons when e:.ther o£ the two forbidden transitions is eaturated w1th
: microwave power. Not1ce that (1) the amount of proton polarization theoretzcally
-.attaiAnable-is charactenzed by capital A, i.e., is equal to the thermal equ111br1um
| electron polarization, a.nd (2) e1ther d:.rectzon of proton polanzatmn -~ parallel

or ant1—para.11e1 to H -- can be obtained by means of a 0.2% change in mxcrowave

o frequency, wuhout any chano'e in tn.e expenmental geometry.

A typzcal experimenta.l ';eometry is shown in Fig. 4 Ten counters, ‘
.. labelled "alpha', are set to detect the forwa.rd-scattered pa.rticle. in comcidence
». with one of the ten '"'beta counters. set to detect the recoil proton.' In a_two»-body_-.' '
elastic 3cattermg by a hydrogen nucleus, kinematics requires (within experi-
mental resolution) that (1) ' the incident beam direction and the traje‘ctoriee of the
' two‘ final particles a.rev coplanar, and’(Z) there is a Vuniqx;e .correlation‘between |
i the' counter in which the s cattered pafticl_e i‘s' deteclted‘ and the coutiter'for the cor-}::

responding recoil. Inelastic scattering and scattering from the heavy nuclei of ..

~

the target material do not in general ea.tisfy these criteria,. Figure 5 shows a .

ANeie

-representation, of the countmg rates, for- ea.ch of the posslble BRI ..

coincidences between a single. a.lpha. counter and the beta array. in one e*:periment.f“-:f_"‘-‘.‘"’

Strong peaks appear in the cna.nnel correepondmg to events tha.t satisfy the kme- B '

matic criteria. The two upper’sets of data correspond to the counting ra.tea mth

_ the.two directions of target polarization, respectively. The background may be .

. estlmated ezther from the coincidence rate in the nonkinematic channels. or by .: |
vauxlhary data. taP-en thh a dummy target conta.xmng ma.tr-nal eimilar to a.ll the _
L elements of the polanzed target except hydrogen. . T}us au_xtliary da.ta. is repre-'f-"

’ ‘sented by the lowcst set of data,
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It is cuite clear that, w‘icn we are able to detect auch coincide'nces 'the
" free-hydrogen clastic scat;ers stand out well above the background. even though o

: hydrogen constltuﬁes only 3 % of the material in the target.

When we are unable to detect both final particles as when one of th'e"m;':v-' L

‘ is unstable or has very . little range, we may still try to resolve the elaatic

I

hydrogen events by using the kmema.txc correlanon bctween the energy and d1-

_rection of one of the final particles. Fxgure 6 shows that thia is still possxble,

though not ag sa‘tiafantory as in the prevzoua case, A differential ra.nge cnterxon =

' was apphed to pions emerging at 90 deg m the laboratory. in a 1l'+-p scattermg -

- experiment at 246 MeV. The open c1rc1ea and dotted curve represent data. taken' :

with a dummy’ target. The bump a.t 60 g/cm2 corresponds to the energy of pions

| elastxcally scattered from hydrogen. A shallow bump at 90 g/cmz occurs at the
range of the mczdent beam. correspondmg to pions elasucany scattered by heavy
nuclex. |

The most serious problem we have faced in the adalysis of. these experi- )

ments has been the accurate ,measurement of the amount of proton polarization ;: S o

in the target., We use a nuclear-magnetic-resonance (NMR) detection system, ',‘ i

~shown in Fig. 7. This system is distinguished only by its crudity. In sucha A

large 'sample the NMR signal is strong, ‘and no special aophistica.tion 18 nece':ss'a.r'y'-.-'j

to detect it. For noise suppresaion. we modulate the magnetic field at 400 <ps by

" a smau fra.ctxon of a line width and use thm field modulatxon as the reference

signal for a pha.se-aenmtive dei;eetor. The oignal thus detacted is proportzonel U
to the derivative of the absorption (or stimulated emiesion) eurve. OtBer thmge

being equal, the size of this signal is proportiona.l to the amount of pola.r:.zatxon.?_

Target polarma.tzon is defined as

. No. protons, spin up No. protons, spm down o
T =~ No. protons. 5pin upj\!o. protons, spin down ° .. % :

gt




o bmlt a dxgxtzzmg apparatus that records the output signal sxze on punched paper ’

“5- UCRL~11438
'_ As a cahbratxon point for the NMR measurement, one allows the system

to come to thermal equlhbrmm thhout mxcrowavea. and detects a sxgnal such

as.that. shown in Fig 8. The polanza.tlon correspondmg to thw size s:.gna.l can

- be calculated from the known field and temperature by using the Boltzmann _

distribution. Figure 9 shows a enm.la.r exgnal attenuated by a fa.ctor of 333

when the polarization is. near 60%. One notes that there is cousidera._ble‘_atructure'

in these lines, and that the shape changes in going from thermal equjlibrturn to .= o

‘structed by mtcgratmg the previous sxgna.la numerically for (a.) thermal
| All are normalized to. the same area. The shape changes because. in thm

dxfferent local fields. The NMR lme is really a superposxtxon of many in- . '_ s

; completely resolved IOCal lmcs. The relatwe spacing of these loca.l lines us o
. low polarxzat:.ons but systematxcally aligned when the polariza.tion is high. Thia &

: ahgnment leads to a bunchmg of the local hnee, leading to the asymmetnc overan 5.‘;’-

NMR line shown in the ﬁgares

reeonance.' The double integration ie perfor'ned numencany by a computer,

4zn ng. M Tne coxle are wound in figure 8's above and below the cryeta}.s, }

" which are not shown The copper eeptum conetrains the flux lmes of the '

high polarizations. In Fig. 10, the shapes of the NMR lines have been recon- .
equzhbrmm, (b) high poaxtwe polarization, and .{(c) high negative polarlza.tion._.f_,v

highly amsotroptc crystal, there are many inequivalent hydrogen sttes thh

affected by the spma of the nexghbormg a.toms, which are, randomly orlented a.t

~

For a quantztatwe determmation of the amount of polariza.tion, a eecond -

numencal mtegra.tmn is performed on the reconstructed NMR hne. We have

tape at 2-sec intervals, whzle- the. I\:MR frequency is swept slowly through the ':::;

>

The location of the NMR pickup coils in the microwave cavity is shown
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oacxllatmg fz.eld to cxrc1° it, t"xus providmg them wz.th a‘return path and .
hopctany samplmg the entire cryatal umformly. With such a large samplé. ,'
“ there is likely to be a very high ﬁlhng factor, so la.rge that the level of the NMR

‘detectmg signal changes anprecmbly durmg the passaae through resonance (as |
- much as 20%). Thm violates the "other things being equal" qualiﬁca.tzon ma.de '.f
ea‘r_lier .as tov polanzatton measurement.  One can momtor the rf level separatelyvf‘f -
-while sweeping thi‘ough reconance, and appropraately correct the xjecorded vs1gna.1."
-A rﬁoré certain procedure, however, is simply té reduce the filling factot' vby |
pla.cing the pickup leads far from the crystals, thus decre‘asin‘g the | 1;f level -
.cha.nge due to the resonance. This leads to a poorer aignal-to-noise ratio for , -:" S

. the thermal-ethbnum sxgna.l but an acceptable compromxse has been reachcd

Placing the NMR leads far from the cryatals has the addztional adva.ntage
' that the polanzatmns at dlfferent POintB WIthm the sample is detected with umform

vsenmthty. Becausc of thermal gradxents within the crystal. radia.tmn da.ma.ge DY'
the beam, and surface absorptxon of mxcrowavea. polarization is l'ugher near . o
 the surface than in the interior. This effect can be determined by focu;mg a
small bea.xt\ spot on various sectipns bf the .target and observihg the §°1a?izati0n' &
effect in a nuclear sca.ttermg experiment, for a given méasured 6trerali target' R
’polanzatz.om To assure that the beam is umformly dmtnbuted over the target

in the final’ expenment. it is aometlmes useful to defocus the beam 80 that a con:

sxderable fractxon actually mmses the target. It can be shownvthat if any two of o

‘ tne effects (beam custnbutxon. NMR sensitivity, ta.rget pola.nza.tzon) is umform
i throughou“ the sample, the measurement of thc effective average target polariza.tzon
will be correct, . - S R | ‘

|  As a further check on the cahbra.tion o£ the target-pola.rilza.tion measure-
- ment, the results of an expenment on proton-proton sca.ttermg at 315 MeV mth

vthe polarized target were compared with ea.rlier measuremenw usmg conventional




gwmg us conﬁdence in these measurements.
to ccommodate many modes at the 4-mm wavclcnoth used quuid hehum con- '. 3
' sumptxon is about 75 htera (at 4 2°K) per 24 hours of contmuoua operation.; About

{ v and 1mt1a1 cooldown of the rescrvoir walls account for one-th:.rd of the rest.

vbe supphed about every 5 houra. About 1/2 hour is required to reﬁll and restore

zations of 65%,

RO . UCRL-M438

double'-scai.ttering' to deterrnine the same palra"meter. 5 Agreement is good.

The polarlzatzon proccss reqmres a microwave power mput o{ about iW

at 71 GHz. The cavity contammg the cryatalo is not tuned being large enough

L .half of thia liquid hehum is consumed in cooling down from 4. 2°K Transfer losses '-"

: The direction of proton polanza.txon can be fully reversed in about 10 min,

'vv-Thze is done £requent1y as a aystematrc control during data-takmg. Helium must "

b‘ full pola.rxzation. To optxrmze use of accelerator tzme, data-takmg often is ata.rted |

before full polarxza.txon is attained 8o the average polarxzation during such data-

ta.kmg is onl,r about 43 Joe As the hehum level drops, heat losses decrease; so

: L4

: the temperature gets lower and higher polarization_occurs. Under optimum t:on;

~_ditions, after several hours of continuous polarizing, we have measured polari-

e A pr—— g = 3emame

ey s e
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E‘IGURE CAPTIONS s

A Fig\'.{ 1. Crystals of lantr.anum magnesmm double mtrate used a.s polarized’
target The scale 13 in mches. e
'-, Fvig.” 2‘.' : DprOSltlon of target elements between magnet pole fa.cea.

Fig. 3. ;,‘Energy levcl dxagram for dynamie nuclear orienta.tion.;

' Fig.. 4 , Typical experimental gcometry. »

- Fig. 5.- Comcxdence countmg rate between paira of counters. one f.rom each a.rra.y.-r
Sha.rp pealfe are elastic scattermg from hydrogen.
Seattered-pzon differential range-telescope counting ra.te vs a.mount

o of copper moderator. in 17 p elastic sea.ttermg a.t 246 MeV Solid pomts

were tasen vnth the crysta.l target, open pomts mth a dummy target. i
_.Fig‘.f__ 7‘ Schematic diagram of NMR. system to measure pola.rization. .

.Fig. 8 Differential signal a.t thermai-equilibrium pola.rization. "

) Fig 9.. Differentia.l s:.gnal at about 60% pola.rization.- v
Fig. _10.1.. NMR Ime sha.pes, _obtamed by numencal integr’ation of differentia.l

aignale'" (a) thermal ethbrmm, ('b) high positive polarization,

(c) high negative pola.rzzation. All three are norma.iized to the sa.me a.rea..

11{ Cutaway drawmg of microwave cavity and NMR pickup coiﬁ |

-~
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. '

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








