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‘A POLARIZED PROTON TARGET™ |
dxven Gha.mberla.ixi,_ Claud; Schultz, and Gilbert Shé.piro
| ‘ I.,awren;:e Radiation Laboratory - o .

University of California
Berkeley, California

.. {to be ﬁresented by Herbert Steiner)
'July 3, 41964 | o S . , -
We havé successfully conducted a series of e'xpei'imenta ix.:voliring'scé.t- o
- tering of high eneréy pions and protons from a target co.ntaining‘p‘dla'rizéd érotoﬁs.
Results of some of these expérimgnta we-ré reported'at this conference, and in
the literature, 1 Proton polariz%tiéns_ as high as 65% have been measured; the
average polarization during 'suatainé.d da_.ta,-ta_king has been typically 45%.
Figure 1 shows t}‘ze targetﬁtrr’z}-a:'.c_eri‘al used during some of these'expe:ri._me_ntg.

These are crystals pf iantha.num magriesium double nitrate -- ].;.,aZMg3(NO$)12~.23}HZ_O;I
Protons in thé water of cryst_allizatioh, corﬁprising 3_% of the crystal mass, con-
4st;Ltute the polarized samp;le'. When the four single crystals are stacked together,
the)-r occupy roughly a i-in;:h cubhe: a:pd weigh 26 g. Larger targets are poésible.
bzing limited at preaént only by the extent of the magnetic-field homogeneity,
Certain experimér;tal demands may also restrict the gize <;f thé crystal to be uged.

| The r;uethéd uqed to obtain polarization of these target protons is icnown as
“dynamic nuclear orientation', or 'fl" effet solide'. It has been reviewed by
Jeffries, z and by A.gragam and.Bofghini, 3 all of whom pia.yed major roles in the
development Qt" this technique. One of us has also written a review on the ‘su.bject'
of polarized targets, 4 | .

One begins by immersing thé cfysté.ls in a liquid He* batﬁ at a vapor .
pressure of less than 1 mam of mercur}, yi;:lding femperatures of 1.2°K. The

apparatus is located between the pole faces of an electromaghet which provides

* ’ .
Work done under the auspices of the U, S. Atomic Energy Commission,
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a highly uniform field of 18.7 kOe (see Fig. 2). Under these conditions the apiné
of the protons, following the Bol‘tzmann statistical glistfibution with reépé‘ct to
their magnetic energy levels, exhibit a thermal equilibrium polarization of 1/6%.
Under the same conditions, entitiés with magnetic moments comparable'to that
of a free nlectron (660 times that of a proton) are almost completely polarized,
The choice of a rare-earth crystal was made partly because the unpa.ired inner- .
shell electrons of even-atomlc-number rare-earth ions can have configurations
that,.at these temperatures, behave as localized 'spin --;; >cente‘r_s having mé.gnetié
| moments in excess of one Bohr magneton. For this purpose 1% of the lanthanum
(which has an empty 4f-shell) is ;'eplaced by even isotopes of neodynxiuzﬁ (with
three f-eléctrons) This is sufﬁcient concentratio‘n for pfoton polarization to
take place efﬁcmntly. yet lo;v enough that the neodymium iona constitute a

dilute paramagnetxc system. Other reasons for the choice of this particular

target material include high hydrogen content, ease of crystal growing, and

favorable ratio of relaxation rates important for the dynamical polarization proceiss.j':i :

The crystals are located in a microwave cavity inside the helium bath,
so that high-frequency radiation of the proper energy to induce ''forbidden"
transitions can be applied to them. In thése transitions, the paramagnetic

neodymium ions (hereafter called *'electrons' for uhort). and neighboring hydrogen '

nuclei undergo szmultaneous reversal of spin direction. The forbiciden transition

is made possible by- weak magnetic dipolar couphng bctwe.en electrons and protons. .

which mducea .m1xmg among the various pure Zeeman statea of the electron-
proton system. These levels aré 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

levels connected by an allowed transition proceed very rapidly, s0 that the relative

population of the two levels is still givancsaentially by the Boltzmann factor,
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This means that (1) one electron is available to polarize _fnar;y pr‘otons, and
(2) the polarization of the clectrons remaivns high throughout the p;'océssl
In Fig. 3 there io a calculation of the theoretically. attainable proton -
polarizations when either of the two forbidden transitions is .eaturated with

microwave power. Notice that (1) the amount of proton polarization theoretically

attainable is characterized by capital 4, i.e., is equal to the thermal equilibrium

electron polarization, and (2) either direction of proton polarization -~ parallel
or anti-parallel to H -- can be obtained by means of a 0.2% change in microwave
frequency, withoﬁf any change in the experime.r‘xtal georﬂétry.

A typical experimental geometry ié ghowﬁ in Fig. 4." Ten cléunvters., -
labelled "alpha', are sef to %letéct'the‘forwbard-ec'attered.pa.fticle.: in coincidence
with one of the ten '""beta’ coﬁnters, set to éetect the recoil p;'bt.on.' In a ‘two-body
elastic scattering by 2 hydrogen nucleus, kinematics requires (within experi-
mental resvolution) that (1) . the incident bgam direction and the trajectorigs of the
two final particles are coplanar, and‘(Z) there is a uniqx;e correlation between
the counter in which the scattered particle is detecvted’ and the counter for the cor-
responding recoil, Inelastic scattering and scattering from the heavy nuclei of |
tne target material do not in generé.l satisff these criteria, Figur;: 5 shows a

representation of the counting.rates for-each of the possible _ .. .. . =~ = =i

RS

coincidences between a single.alpha counter and the beta array, in one experiment,

Strong peaks appear in the channel corresponding to events éhat.sat-isfy‘th'e kine-
matic criteria. The two upp.e'r’sets of data correspond to 'the counting ratea. with
the two directions of target polarization, respectively. The backgrouﬂd 'may be
e‘stimated. either from the coincidence rate in the nonkin'ematic channels, or by v
auxilia‘ry data taken with a dummy target.conta.ining.material similar to all thve.
elements of the polarized target except hydro‘gen.‘ This auxiliary data is repre-v

sented by the lowest cet of data,.
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It is quite clear that, when we are able to detect such cloin_cidences, the
free-hydrogen clastic scatters séand out weil above the Sackground. even though
hydrogen constitutes only‘3% of th;: material in the target, l |
When we are unable to detéct both final éarticles, as when one of them

ic unstable or has very little range, we may still try to resolve the elastic - N

hydrogen events; by using the kinematic correiation Bctween the energy and di-. |
rection of one of the final particles. | Figure 6 shows that this is still possiblev,.,
though not as safiafactory as in the previous case, A differential range critérioﬁ
wasg applied to pions emerging at 90-deg in the laboratory, in a ﬂ+-p Sca;ttering

xperiment at 246 MeV, The open circles‘ and dotted curve repr'es:ent.data. takeri. _
with a durnmy’ tar.get. The bump a.t 60 g/cx‘n2 corresponds to the énerg); bf pions
elastically scaﬁtered from hx}drogen; A shallow bump at 90 g/cm?-&qcurs at the
range of the incident beam.A corresponding to pions elastically scattered by heavy
ﬁuclei. |

The most serious problem we have faced.in the aralysis of‘.-these experi- i

ments has been tvhe #ccurate measurement of the amount of p:oto;x p,olatrization Lo
in the target., We use anuclear-magﬁetié-resonance (NMR) detection system, B
showm in Fig. 7. This system is disti.nguis'hed only by its crudity. In sucha
large eample the NMR signal is strong, and no specia}llaophistication is necessary
to detect it. For noise suppression, we modulate the magnetic field at 400 cps ‘by_
a amall fraction of a line width and use this field m_odula)tion as ‘the‘re"feren'ce |
sigral for a phz'r.se_‘-sensitive‘ detector. The signal thus detacted iz proportio:iél'
to the derivative of the abs'orption (or stimulated emission) curve. OtRer things
being equal, the size of this signal»ia propo:tional to the amount of polarization.-
Target px;.>1.ariz=a.tion is defined as

. No. protons, spin up - No, protons, spin down -
T QNo. protons, spin up + No. protons, spin down °
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AsAa cahbrauon point for the NMR mecasurement, one allows the eystem
to come to thermal equilibrium, j::lthout microwaves, and detects a elgnal such
as.that shown in Fig. 8. -The polarization corresponding to this size signal can
be calculated from the known field and temperature by using the Boltzmann
distribution.' Figure 9 shows a similar signal, attenuated by a fé.ctorvof 333,
when the polarization is near 60%. One notes that there ié considerable atruétufé
in these lines, and that the shape changes in going from thermal equilibrium to
high polarizations. In Fig. 10, the shapes of the NMR lines have been recon-

structed by integrating the previous signals numerically for (a) thermal

equilibrium, (b) high positive polarization, and .{c) high negative polarization,

_All are normalized to the same area. The shape éhanges because, in thi'sl

highly anisotropic crystal, there are many inequivalent hydrogen sites, with
different local fields. The NMR line is really a superposgition of many in-
completely resolved local lines. The relative spacing of these local lines is

affected by the spina of the neighboring a.toms, which are, randomly oriented at

© low polarizations, but systematically aligned w‘ien the polarization is high. This

: ahcnment leads to a bunchmo' of the local hnes, leading to the asymmetric overall

NMR hne shown in the ﬁga.rea.

For a quantztatwe determma.tion of the amount of pc;lari;ation, a second
numerical integration is p&rformed on the reconstructed NMR line. We have
built a digitizing apparatus that rccords the output signa.l size on punched paper
tape at Z-sec intervals, while- the I\M‘{ frequency is swept s'lo_wly through the
resonanée. Thé double integration is performed numerically by a computer,

The location of the NMR pickﬁp coils in the microwave éa.vity is shown

in Fig. 14. The coils are wound in figure 8's above and below the crystals,

which are not shown. The copper septum constrains the flux lines of the



-6- | UCRL-11432.

oscillating fzeld to circle it, t‘ms providma them with a-return path, and
hopefully samphng the entire cryatal umforrnly With such a large sample,
there is likely to be a very high ﬁlhng factor, go large that the level of the NMR "
‘detecting signal changes appreciably during the passage through resonance (as
~much as 20%). This violates the "other things being equal' qualification made “
earlier .as to pola.rxzahon measurement. One can monitor the rf level separately
while swceping thi‘ough resonance, and appropnately correct the recorded signal.
A more certain procedure, however, is simply to reduce the filling factor by
" placing the pickup leads far from the crystals, thus decreaeing the 1;f level
change due to the resonance. This leads to a poorer signal-to-noise fatio for _
_ the thermal-equxhbnum sxgnal but an acceptable comprormse has been rea.chcd

Placing the "NMR leads far from the crystals has the additional advantage
that .thc polarizations at different poihta within the sample is detected with uniform
sensitivity. Because Sf "thermal gradients within the crystal, r.a.dia.tion damage ,‘by
the beam, an.d surface absorption of micfowa\}es, polarizatio'n is higher near
the surface than in the interior. This effect can Be determined by focu':sing a
small beam spot on various sectlons of the target and observing the éolarization
effect in a nuclear-scattering experiment, for a given measured o';rerall target
‘polariza'tion. To assufe that the beam is uniformly distributed over the target
in the final experz'nent. it is sometum_s useful to defocus the bcam 80 tha.t a con-
s1derab1e fraction actually mmses the target. It can be ’showp that i{ any two of

the effects (beam distribution, NMR sensitivity, target polarization) is uniform

throughout the sample, the measurement of the effective average target polarization

will be correct,’ ' : : ’
As a further check on the calibration of the target-polarization measure-
ment, the reaults of an experiment on proton-proton scattering at 315 MeV with

the polarized target were compared with earlier measurements using conventional
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double-scattering .to determine the same p;ra'meter. > Agreement‘ia goéd,
giving us confidence in these measurements. : "
The poclarization proccss requires Aa miéfowave power in‘put of abou‘t 1w
at 74 GHz. The cavity containing the crystala‘ ia"not tuned, .being ~1a'r.ge enough

to accommodate many modes at the 4-mm wavelength used. Liquid-helium con-

sumption is about 75 liters (at 4.2°K) per 24 hours of continuous operation,’ About o

half of this liquid helium is consumed in cooling down from 4.2°K. Transfer losses

and initial cooldown of the reservoir walls account for one-third of the rest,
The direction of proton polarization can be fuily reversed in about 10 min.
This is done frequently as a systematic control during data.-taking.. Helium must

.be‘ supplied about every 5 hburs. About 1/2 hour is required to refill and restore

full polarization. To optimize use of accelerator time, data-taking often is started :

before full polariiatzion is attained, so the average polarization during such data-

taking i only about 45%. As the helium level drops, heat losses decrease; so

L4 . .
the temperature gets lower and higher polarization occurs. Under optimum con-
ditions, after several hours of continuous polarizing, we have measured polari-

.

zations of 65%.

et ? R
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.3, Energy-level diagram for dynamic nuclear orientation.
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E‘IGURE CAPTIONS | |
1. Crystals of lantnanurn magnesiurn double- mtrate used as polarized '

target. ‘The scale is in mches.,

. 2. Disposition of target elements between magnet 'polelfa.ces..

4. Typical experimental gcometry, -
5. Coincidence countin'? rate between pairs of counters, one f;'on'i each array,
Sharp pealfa are elastic scattermg £rom hydrogen. Lo

6. Scattered-pmn dszerentxal range-telcscoPe counting ra.to vs a.mount

g

¢

PN

" of copper moderator. in v P elastic scattering at 246 MeV Solid poznts

were ta;cen vnth the crystal target; open points w1th a dummy target

7. Schematic chagram of NMR. gystem to measure pola.rization. i

8. Differential signal at thermal-cqmlibrium polarization. ‘

9. Dxfferential signal at about 60% polarization. .

10. NMR line shapes, obtained by numerical integz’a}tion of d.ifferenti‘al )

PR

signals: (a) thermal equilibrium; (b) high positive polariza'éion;, ‘_

(c) high negative polarization. All three are normalized to ti;e samo'a'reva..b_:-"; "

11. Cutaway drawing of microwave cavity and NMR pickup coll
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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.





