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ABSTRACT

The polarizaﬁiqn pardmeter in eiéstic 'n+—p‘ scattering has been
measured at seven angles at a nominal incident meson kineticvenergy of
250 MeV, by measuring the asymmetry in scattering from a polarized proton
target. The data agree qualitatively with data ébtained at 310 MeV by
the double-scattering technique. | |

The polarized proton target consists of a l-in.-cube volume of
LagMg5(N05)12°2MH2O, in.which the free protons‘in the water moleculgs,
qomprising 3% of the target by weight, are polai'ized° vThe average target
polarization during the experiment was 20%, but has since beén raised
to more than 60%. A descriptibn is given of the target design‘énd operation,
and formuiae are developed for calculating the‘average target polarization

. v from the output of a nuclear magnetic resonance detector.
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I. INTRODUCTION

The study of the low-energy pion-nucleon'interactién has for many
years been the subject of intensive experimental and theoretical work. The
pion is bglieved to be the agent of the longest—range'part'of_nuclear forces,
the paft most accessible to both experiment and calculation; it is also |
thought to be of great importance in the whole realm of the strong interactions.

A great manyrexperiments have measured the differential and total
cross sections of the ni-p reactions ét ali accessible energieso In the
last few yeafs, the achievement of high-intensity pion beams has made
possible the measurement of the recoil—proton polarization, which gives
valuable indépendent,information of the pion-nucle&n interaction.

The most gomplete set ofbexperiments to date has been carried out at

310 MeV pion kinetic energynl’e’5

Total and differential cross sections and
recoil polarizations in ﬁ+—p and ﬂ_-p elastic scattering, as well ac
the differential cross section in ﬁ_-p charge-éxchange scattering, were
used in an anélysis ihtended to provide an unambiguous description of the
scattering process in ter@s of the partial~-wave amplitudes. The program
did not achieve its goal, as no single unambiguous solufion could be found.
Although there was reasonablé-hope for su¢cess when the analysis was
confined to s, p, and 4 waves (and higher partial waves were assumed not
to contribute), ﬁhe situation was much worse when nonzero f waves were
allowed. A recent measurement by Hill and collaborafors'of the recoil;neutron
polarization in n”-p charge-exchange séattering offers some hope of
removing the ambiguities.

It appears désirable to undertake a similar program ét a somewhat

lower energy, at which the d-wave amplitude is small and the f-wave amplitude
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might reasonably ‘be expected to be zero. This experiment is parﬁ of such

a program at 250 MeV.

[¥al

:ﬁgyjfechnical reasons it was desirable, and practically necessary, to
measﬁ%?f%he "polarization parameter," previously calculated from the oy
‘recoii;proton polarization, by séattéring from a polarized broton target;
Alréady at 310 MeV the angular region ih which the réchl-proton polarization
éouidvbe measﬁred was severely restricted by the small reéoil energies;

‘at 250, MeV fhevbroblém'ié much worse. With scattering from a polarized
targét, a second scatteriné-to analyze the recoil-protoﬁ polérizatioh is
not needed. It is not'absolutely necessary,évén tp detect thé recoil
proton; The recdil-energy cutoff is therébi éonsiderably.lowered, making
méasuremen%s ét 250‘MéV possiblé. | |

A polarized prqton target has, of coﬁrSe, ﬁaﬁy‘potenfiél uses in
elementary particle physics. A large number . of important experiments,
either Qery-diffiéultvor doWnrighﬁ,impéssible with other presently_kﬁown
techniques, become aécéssible with'the availability of a polarizéd taréet.
Fof fhis reason, the target has been designed andvconstrUCted.sd és to make
it suitable for a wide variety of high-energyvscattering experimentsf
Polarizedvprofon targets have been'previouSly constructed for ldw-énergy
physicé.5’6 To the éuthgr’s kn&wlédge the target described in this disserta-
tién is:tﬁe first‘pOlarized target suitable fpf highLenergy_experimenfs,vand
the ﬁ+-p ex?erimeht is the first high-engrgy‘experiMent performedeith a-

polarized target. ("High energy” is intended to cover the region above

S
N

100 MeV kinetic energy in the laboratory frameof reference.) . «



II. THE POLARIZED PROTON TARGET
Because of the relatively wegk fluxes available from existing particle
accelerators in the energy region of several hundred MeV and above, and

because ef the relatively small cross sections, a useful polarized target

should be as large as typical particle beams (seVeral centimeters), with a

hydrogen thickness comparable to that of typical liquid hydrogen targets
(several tenths g/cme),-andeith-a polarization et.least as'greet as the
statistical accuracies of most higt—energy experiments (5 to 10%).

~ The target-described in this report satisfies all the above criteria.
The teehnique of dynamic nuclear orientation is used to obtainvpolarizations
well over the minimum qﬁoted abeve. The target is roughly a 1l-in. cube of
the rare-earth salt'lanthenum magnesium nitrate (LagMgB(N05)12’2MHéO), in
whieh the hydrogen:nuclei in the waters of hydration are polarized. The
hydrogen content is 5% by weight, and the hydrogen thickness is.O.lS g/cme.
During the experiment the average polarizatiee was 20%. It has since been

raised to more than 60%.

A. Dynamic Nuclear Orientation

The effects and techniques known cellectively as dynamic nuclear
orientation.arevbased on the idea of a forced redistribution of thevp0pu1ations
of the magnetic quaﬁtum levels of a system containing two or more kinds of
spins. = Typically one of the spins has a large magnetic moment (comparable
to that of a free electron), and is highly polarized in a strong external
magﬁetic field at low temperature. The other kind ofAspin'has a small magnetic .
moment and is only minutely polarized in thermal equilibrium at available

temperatures. Transitions induced in the system have the effect of transferring



5"the'high polarization to the spins with the low magnetic moment. The

'unatural polarization’ of these spins is'thgs "dynamically enhanced." wn

l‘Thexmany forms ofcdynamic nuclear'oriehtatioﬁ‘have been extensively
“fstudieditﬁeometically and experimentally by various authorsl7 Only‘those
iconceﬁtsvbertinent to the target ﬁsed in this ekperiment~are discussed here.

' J%e‘tamgetvconsists of fourvsingle crystals of lamthanum magﬁesium nitrate,
"fin'which'a small fraction of'the:lanthanum ions is replaced by Ndlu2, The
) La:ioﬁsvare diamagnetic,}but the Nd ions arejéaramagnetic, owing.to the
'éresence of three,Hf unpaired eleCtroms.in an*innerkshell, The resulting
=crystal is a dilute paramagnetlc substance, in which the paramagnetic centers
are- suff1c1ently far apart so that their spin spin interaction may be
neglected. | |

Although the ground state of the free Na B ion is /2, the presence.
of the crystalline electric fields causes 8 partial splltting of the states
with different orbital angular momentum quantum number, resulting in a
splitting of the 2J + 1 =10 substates 1nto five Kramers doubiets" each
of which is further split by the applied magnetic field The splitting, in
units of temperature, between the two lowest doublets is 47.6OK,rso that
near 1°K only the'lowest doublet is appreciably:populated, and has the |
effective spin value S =‘l/2, The spih‘system.is described by an effective
spin Hamiltonian in which the paramagnetic meodymium ions act like free.
unpaired electrons.with_effectiVe spin l/2, and with a magnetic moment of
the same order,of maénitude"asftﬁatﬁOTJfreelelectrons. “To conform with v o
general usage, and for brevity; these‘will hemceforth be called electron spins.

Consider now a simplified system consisting of one electron spin and
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one protdn spin, in a strong external magnetic field at liquid helium
temperature. The energy-level diagram is shown in Fig. 1. The large
splitting, A, corresponds to the two possible drientétions of the electron
spin with respect to the magnetic field; the small splitting, &, to the
two orientations of the pfoton spin. Note that A/S ’*’.105° Thé guantum
numbers of the four states are listed in Fig. 1. Thé_héavy lipes indicate
the zero-order tranéitipns M=%1, /m =0 (M aﬁd m are the magnetic
iﬁantum humbers of the electron and proton spins respectively), i.e., the
transitions involved in paramagnetic resonanée and electron spin~lattice

relaxation. The relative populations of the four energy levels at thcermal

equilibrium are listed in Fig. 1. The proton polarization, defined as

(no. protons with m = 1/2) - (no. protons with m = =1/2)
J

T : total no. protons (I1-1)

is, by Boltzmann sfatistics, tanh(S/QkT). The electron pOlarizétioﬁ is
tanh(8/2kT).

In additién to the electronic and nuclear Zeeman terms giving rise to
the>four ehergy levels of Fig. 1, there is a Wéak dipole-dipole coupling
between eledtron and proton spins which_mixes the levels slightly and gives
rise to partially forbidden transitions such as &M = 1, &m = 1 (the dotted
"line in Fig. 1). If one saturates this tranéition by applying microwave
power of the proper frequency to the crystal, one can, to good approximation,
equalize the populations of the two levels involved. Since the remaining
two energy léﬁels gre linked to the two eqﬁally populated levels by the zero-
order spin-lattice relaxation mechanism, the result is a redistribution of
the steady-state populaﬁions as shown in the last column in Fig. 1. The

proton polarization can now be calculated according to Eq.(II-1) to be
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tanh(4/2kT), equal to the original electron polarization. The proton
thermal equilibrium polarization has been enhanced by a factor A/S ~ 105.

If, instead, the .other partially fdrbidden transition, AM = i, om o= -1
(indicated in Fig. 1 by the dashed line) ié saturafed, the population levels
are redistributed‘in such a way as to_result in a proton polarization ‘
-tanh(4/2kT). The minus éign indicates that this polarization is in the
oppo§?tgfdiygp£}onrpo the thermal equilibrium polarization. . ST

Both of the partially forbidden transitions thét induce dynamic
polarization involve the simultaneous flip of an electronic and nuclear spin.
Thus, one can think of the mechanism of dynamic polarization as a transfer
of polarization from the electron to the proﬁon spins.

The above picture is, of course, far from a complete explanation. The
crystals used for the polarized target cﬁntain several thbusand free protons
.for every neodymium ion. However, the eleétroﬁ relaxation time is of the
order of milliseconds, while that of the protons.is about 10 minutes under
typical conditions; thus, eéch electron spin can successively flip the
several thousand proton spins as required, reléxing after each flip via spin-
lattice relaxation, then coupling with anothef proton and repeating the
process. These>relaxation times are highly ﬁemperafure-dependent, and this
fact severely festricts the temperature range in which dynamic polarization
dan bevsuccessfully carried out. This leads to a further cohdition (in‘

addition to saturating the forbidden transition)

( Tle/Tlﬁ' << Ne/Np ;o - (11-2)
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where Tle, and rlp are the'electron end proton relaxation times, and
N, and 'Np‘ are tne.electron and proton densities.

The dipole-dipole interaction between electron and:proton spins is
highly.distsnce-dependent (r-6), and the electron spins can.couple and ¥
undergo a'nntual spin flip with only the small numter of protons that are
their_nearest n_eighbo_rs° The polarization of the3protons thenfspreads
outward from'these ﬁSOurces through the volume of the crystal by means
of the proton-proton dipole-dipole 1nteraction, which causes mutual spin
flips of neighboring protons. In this way tile electron spins always have
. a fresh supply of neighboring proton spins walting to be fllpped - Since
' the proton-proton flip flOp trans1tion conserves magnetic energy, it

| is highly alléwed, and the polarization diffuses throughout the crystal in
- a'few minutes. -In’other words,  a Qeak proton~proton coupling suffices to .
cause interchange of spin statec because the Larmor frequency of the
two protons involved is substantlally identical. !
To summarize, the effective spin Hamiltonian.for the composite electron-

proton spin system-can.be written

K - 3FZH 3’*3(&2H 1+5D, +-zu ,

‘rwhere the four terms repreSent; in turn, the electroniC’Zeemsn, nuclesr

Zeeman, electron-proton dipole-dipole, and proton-proton dipole-dipole - .
interactions; B and vB are the Bohr and nuclear magnetons, g :and” =
are the spectroscopic splitting factors for the ' electron and proton
spins; Hb is the external.magnetic field, Sk is the Spin of_the Evth

electron, and I, is the spin of the i th proton.

1
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The‘allowed electron spin-flip transition occurs at v, = A/h, where
A = gBHy. Dynamic proton polarizations of magnitude tanh(8/2kT), either
parallel or antiparallel to the direction 6f HO’ can be induced by
saturating the partially forbidden transitions»at Ve * Vi (where
v# = S/h. = ganHo/h), in which an electron and a proton spin are simultane-
ously flipped. The proton polarization is a steady—stéte polafization and
can be maintained as long as the proper forbiddeﬁ transition is successfully
saturated. | o /

In pracﬁibé, the full theoretical value of the proton polarization
is never reached. Two reasons for this are:
(a) ‘The resonancé iinés at Ve and. Ve x ?n are not cémpletely resolved.
The widths of.the resonance lines are typically: ? 5 gauss, which is of.
the same order df wmagnitude as their separation AH = Hb gan/gB, so that
at the éame time as one saturates the desiréd forbidden transition at
Ve + vn s one also induces eléctron spin flips due to the tail of the
resonance centered at Ve This decreasés the electron polarization at a
given field and temperature, and consequently decreases the attainable proton
polarization, sinée the theoretical upper limit of the proton polarization
is the existing electron polarization.
(b) The theoretical proton polarization is based on the assumption that
the protons do,ndt reléx toward thermal equilibrium. In practice, the
proton relaxation time is noninfinite, owing partly to the presence of very

small amounts of paramagnetic impurities other than neodymium, which provide

a mechanism for the relaxation of the proton spins.
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In conclu51on, a brief descriptlon will be glven of the experimental
conditions necessary for successfully polariz1ng the protons in the target
under discusslon. |
(2) The;target must be inva strong external magnetic field; Since vn/ve
is of the order of»lOfB, the,resonance-which polarises and thatvwhich
pdepolarizes-differs by_only 1 part in 1000 in-frequency'at a given field,
or alternatively in magnetic field at a glven frec.luencyf° The fractional
amount by which the field may vary over the volume of the target should
therefore be much smaller than l part in lOOO. Similarly, the magnitude
of the field should be constant in time (free from drlfts, ripple, and
random fluctuations) to the same accuracy as 1t 1s uniform in space.
Within these limitations, the field should be as strong as pos ible, in
order:to maximize the electron.polarizatlon, Also, since the Widths of the
resonance lines are very roughlyvindependent of field, a stronger field
results in better resolutionVOf the aesired resonance line and consequently
in less depolarization; _ | | »I |
‘(b) The target must be in good thermal contact with a cold bath. Within
the limitations imposed by the proton and electron relaxation times, the
target should be as cold as pos51ble, again in order to maximize the electron
polarization. An approx1mate upper limit is the temperature of liquid
- helium at 1 atmosphere (h 2 K), above this temperature the electron relaxation
time becomes SO short that it is difficult to saturate the forbidden
transitions. ~Ideally the proton polarization should increase as_the
temperature decreases, although at sufficiently low temperaturcs the

inequality (II-2) may break down because of a different temperature
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dependence of Tle and Tlp’ due ﬁo, say, impurities.
(c) The target must be exposed tb microwave radiation of the right
frequency and of sufficient intensity to saturate one of the polarizing
resonances. The radiation must be monochromatic and constant in fregquency
to within the same fractional tolerances as those on the uniformity and time
stability of the magnetié field;Ifor the same reason.

The apparatus used to realize these experimental conditions is

described in the following sections.

B. Apparatus
1. The Target Crystals

Lanthanum magnesium nitréte is a crystal with thréefbld axiai symmetry.
The spectroécopic splitting factor of neodymiun ions imbedded in lanthanum
sites is s%rongly‘direction-dependent, varying from 0.36 when the line of
axial symmetrj is parallel to the external field to 2.70 when it is perpen-
dicular. (By this definition the spectroscopic éplitting factor of a free
Dirac particle with the mass of the electron is 2.) In order to have the
same fine-gtructure splitting in a given field for all.neodymium ions,
single crystals of lanthanum magnesium nitrate are used. Furthermore, all
four single crystals are stacked together wifh their line of axial symmétry
perpendicular to the field, so that g 1s maximum, the fractional Vafiation
of g with angle of orientatioh ;s minimum, and hence any small misaligﬁments
among the crystals have minimum effect. (It may, in principlé, be possible ﬁo
obtain somewhat higher polarization by rotating the crystals away from this

orientation, because for a given microwave frequency the field would be

higher and consequently the desired resonance would be better resolved. This
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was attempted, at 30° and 45° fram the perpendicular orientation, but the
crystals could not be lined up well enough with respect to one another to
give a single resonance line.) o

The single crystals are groun from‘a saturated solution of
LaeMg5(NO3)12'21+H20 in which 1% of the La ions is"r‘eplaced“by nearly 100%
enriched Ndlue, which'has no hyperfine structure, so‘that-the‘energy—level
diagram of Fig. 1 is wvalid. They are grown in a desiccated atmosphere in
a temperature bath at 0°C.: Figure 2 shows the apparatus used o grow the
‘crystals. First, a solution of lanthanum magnesium nitrate is made up
by mixing the proper amounts_of lanthanum nitrate and magnesium nitrate,
adding enough water to briné the solution below the saturation level at COC.
'Then the solution is doped with the proper amount of neodymium nitrate, made
by mixing neodymium oxide, nitric acid,.and‘uater,..

.The solution7is thenvbrought nearly to saturation by»heating it'to
drive off the excess water. It is placed in a flat glass dishuinside a
desiccator, and the desiccator is placed in an ice bath. In a few days a
éreat many small crystals begin to formlon.the'bottom of theﬁdish, As soon
as they are large enough so that their shape can beidetermined by the naked
eye, they are removed from the dish, and those whlch have the most perfect
hexagonal shapes are kept as "seeds" from which,tovgrou large crystals,'
while the rest are'rehdissolved.

| The good seeds are placed in individual dishes, each on a small
pedestal in the»hottom of & dish, 50 that they'are able tovgrow’freelyvin all
.directions; The . crystals continue;to'grow in approximately_hexagonal shape -

until, in about 2 weeks, they are l/h in. thick and about 1 in. across.
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Flg. 2. Desiccator and dish in which the crystals

of lanthanum magnesium nitrate are grown.
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Figure j showg some crystals grown in this way. Four such crystals are

’ogether to make ths target volume a 1-in. cube. thn-necessaryq
s .are cut to the size of their container (see Sec. VI.B.4) with e
s‘moi_ﬂJstring saw. Good single crystals are clear and nearly transparent,
with no internal-cracks or discontinuities.

The Nd ions appear not to crystalllze as readlly as the La ions, and
it is estimated that crystalo grown from a’L% doped solutlon contaln only
about 0.2% Ndf8=.However, as‘crystals,are grown until a s1zeable fraction of
a particuiar'bstohvofvsolution-has' crystallized, the reﬁaiﬁingsSOlutiOn‘is
‘more heav1ly doped than at the beglnnlng, so that the crystals are also more
;heav1ly d0ped._ Thls was. the case w1th the crystals used in this scatterlng
’:éxpérimsntt-the»four crystals‘were grown;succes51vely from the ssme bateh -
be.;_%'aopea ‘-'sol_utio'n.v “The fraction of Nd ions in each crystal, or the
a?ersge for,all_four crystals; is not known; it is oelieved to be smaller _
than, but of'the(o:der of magnitudé of,_l%; The optimum proton polarizationit

obtainable appears to be roughly independent of doping in this region.

e
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1 2 3 4

ZN-4154

Fig. 3. Photograph of some crystals of lanthanum

magnesium nitrate. The crystals grow in all
directions, including downward, from the
starting position on the pedestal; hence the
holes in the middle. Scale is in inches.
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2. Magnet
The magnet used for polarizing the electron spins is an iron-core

electromagnet pictured schematically in Fig. 4. The magnet, named "Pia,"

- is an H magnet with a L-in. gap, and with circular pole pleces of 18-in.

diameter at the gap, flaring out at a 45° angle to 26 1n. at the base.. The
flaring of the pole pieces is to lessen the effects of-magnetlc saturation in
the pole pieces. This saturatlon beglns and is most’ severe at the edge of
a square- cut pole plece° Flarlng the edge of the pole piece. decreases the

flux denslty near the edge in the gap, enabling the iron in this reglon to

'carry fewer flux lineq.” The success of this method of leosening magnet

saturatlon is ev1denced by the fact thut the magnetlzatlon curve is a

stralght llne up to 16" OOO gau : 'By preventrng saturetlon of the poles,

a_more,unlform'fleld_ls achleved aﬁ fhe center of fhe magnet, for a giveh
pole diameter. ‘The need:for field_uﬁiformiﬁy.ie discussed in Sec; II.A.

The energizing current is carried in O.ﬁ674in.-square copper eohductor
with a O.275—in.-diameter'eenter hole for‘waterlcooling. The conductor is
wound inte two coils ofi66 turns eacﬁ,vplaced eround fhe pole pleces as
shown‘iﬁbFig, 4. The nonrecﬁangularEcrOSSesection of the corls Was dictated
by rhe desire te.get asvmuch cﬁrrenfgas.pessible as ciose as possible to
the magnet center. |

The magnet is designed for a maximum current of 2000 A, at which
current the central field is 24 000 geuss. At a central field of 9100 gauss
(at which the magnet was used during the scattering experiment), the variation

from the central field in a 1-in. cdbe at the center'of the gap is 1 part in

£
¥
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70 000. At a central field of 18 800 gauss, at which the magnet has been
used moggfiecently (see Sec. II.D), this variation is 1 part in 20 000,
" The 0veraii dimensions ofvthe magnet are 76 x %6 x 26 in., and its weight
is 18 500 1b.

The current is supplied-by'a three-phase full-wave solid-state power
supplybwith ic'filteringQ Current- regulation is achieved’with an induction
voltage regulator designed by Ivan Lutz and Robert Sorenseﬁ of this
Laboratory.' It is capable of regulating_currents up to 1700 A, with éhoft-.
term (? seconds ) rggulationrqf 1 part in 56 OOQ, énd'long—term (~ hours)

regulation of 1 part in 10 000, -

3. Cryostat

~The cooling of the target crystals is achievéd‘by immersing them in a

‘bath of liquid'hélium. The helium isvmaintained at a vaﬁof pressure of
- gbout 1 mm Hg by continuous pumping, making ﬁhe temperature of the bath
about 1.2%K.

.A schematic diagfam_of the helium‘gryostatiis shbwn»iﬁ Fig. 5. The
elium vessel cénsistg.of-a lO-in.;diam'iE-in.-long reservoir, with a 2-in.~
.diam lowef éxtension that reaches into t‘he'tr.lag‘netigav.p° Attached to this
extension is a 2-in.-diam 1l-in.-long flask, made of thin foil to minimize
the améunt of extraneous material in the path of the particle beam. During
the experiment, the flask was 0.005-in. Mylar, but iﬁ‘has since been replaéed
by o.ooﬁ-in. aluninum alloy (see Sec. II.D). ‘The target is inside theflask,
near the bottom. |

Above the liquid helium reservoir is a B;fthohg‘néck of 1/64-in.

stainless steel, made long ‘and thin to minimize the heat conduction to the

&;
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??ﬁhe_resgrvoir is surroﬁnded by én insulating vacuum jaéket, whose
preséure is kept at approximately lO—6imm Hg by an Qil diffusion pump.
The outer container is made of stéinless steei; ifs lowé£ éxtehsion; which
fits inside. the magnet gap,fis of rectangular cross section, with a rounded
bqtfom, around which is fastened a thin "wrap-around" window, through
which the beam and scattered particles ente} and leave. During the experi-
meﬁt this window was of O.QOS-in. Mylar, but it also has been replaced with
0.003-in. aluminum alloy. | - o
A hollow_cylindrigal_liquid nitrbgen fadiation shield surrounds the
helium reservoir. From fhisishield a copper extension,.in good thermal
contact with the liquid'hitrogen, reaéhés up to make thermal contact at a
”pdint high on thevneckrof'the helium_féservoir, in order to decféééé the
temperatuie gradient up the necik, and therefore the heat input by conduction
tovthe helium reservoir. »Another copper extension surrounds the 2-in.-diam
helium Tlask, except in thelregion where the materiai is to be kept at a
. minimum because of the scattering experiment; This acts as a radiation shield
around the flask. The sides of the‘copper shield that are perpendicular.to
fhe maghetic field are slottéd,.to prevent damage‘to the_c;yostat due to
eddy currents when.the magneﬁyis éccidentally turned off. This also allows
a modulation field at 400 cps té bé applied (see Sec. II.C.3).
The outside of the hel{;m,container and the outside of the radiation
shield, along the entire length of the cryostat, are each wrapped with
several'layers of_Q.00025fin. aluminized Mylar for additibﬁal radiation

shielding.
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A scale drawing of the.bottomvpart of the cryostat, including the magnet pole
faces and the target, is shown in Fig.‘6. The target is suspended from the
cover plate at thé top of the cryostat by the waveguide through which the
tgrget is irradiasted with microwa#e power (see Sec. II.B;M). Bronze waveguide
is used, with the walls thinned down to 0.015 in. Four steel baffles are
attéched to the'waveguidé in the region where it passes through the neck of
the helium vessel, concentric with and'of'slightly smaller diametérvthan the
neck. These act as radiation shields between the cover plate and the helium
reservoir. In addition, being cooled by the helium vapor, they cool the wave=
guide‘and therebyvdecrease the temberaﬁure gradient down the waveguide. This
" reduces the not negligible heat input to the liquid heliﬁm by conduction down
the waveguide, and utiliies the considerable cooling power'of the helium
vapor. The baffles also force the helium vapor to rise thropgh the neck
closé to the:wall, so-that the heat exchange cools_the metal of the neck.
Pigure 7T is a.photograph of the waveguide, target container, baffles, etc.

The total heat input to the liquid helium by radiation and conduction
is about 1/3% watt, causing a boiloff rate of 1/3 liter of liquid helium per
hbur.

The helium system is pumped out through a 6-in.-diam. opening near the
top of the.cryostat (see Fig. 5). The pump is a 15-hp mechanical pump with
a capacity of 310 ftB/min. It keeps the heiium at a vapor pressure of about
1 mm Hg, corfesPonding to a température of l‘EOK.

Three 100-Q 1/4-W carbon resistors plaeed at different levels in the

cryostat are used to monitor thé liquid helium level. Their résistances are
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ZN-4156

The author, Professor Owen Chamberlain,
and Professor Gilbert Shapiro with the target
container (at the bottom) suspended by 5 ft of
waveguide from the liquid helium reservoir
cover flange. Note the baffles on the wave-
guide, intended to better utilize the cooling
power of the helium boil-off gas, and the thin
coaxial cable which connects the target with
the Q-meter polarization detector (see Sec.
II. C. 2) outside the cryostat.
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measured by a bridge circuit in which the voitage 1s supplied by a 22.5-V
dry celi battery and tne two fixed legs of'thebbridge circuit are 10 000 Q
each. When immersed in liquid nelium at atmospheric pressure,_the nominally
100-Q reslstors rise tozabout 600 Q, while at 1.20K they are about TOO Q.

The relative positions and orientations of magnet and cryostat are
shown schematically in Fig. 8. The unusual orientation of the magnet is
- convenient because 1t simultaneousiy enables thefbeam to enter the gap
horizontally and the cryostat to enter vertically without interference from

the magnet yoke or pole pieces

4.  Microwave System

A schematicidiagram.of the signal4generator'and associated equipment
used in saturating theipartially forbidéenuspin.transitions is shown in
Fig. 9 | - | |

The signal generators used during the experiment were floating.drlft—
tube klystrons operating at about )4 ko/sec, w1th a power output of several
watts, manufactured.by.Elliott Brothers, Ltd..

The target crystalsbare contained in an:untuned.cayity:connected to the
microwave tube’ by about 8 £t of waveguidc ' fhe'dimensions of the cavity are
1x1x5.5in. The tranultlon from the 0: 280 x O, lMO in (8—mm) waveguide
to the 1 x 1- in. cavity is made by an 8 in, long, gradually flaring horn, in
order to decrease the gmount of microwave power reflected at the entrance to
the cavity. A photograph of cavity and horn 1is shown in Fig. 10.

The crystals fill up a 1-in.” space near the end of the cavity. The
last 5~L/h in. of the cavity is constructed.of 0.002-in. copper; to minimize
particle scattering by-the cavity. The rest of the cavity and the horn are

made of 1/8-in. copper. Figure 1l is a cutavay drawing of the cavity.
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It is estimated that the cavity is resonant ét approximately the'
thousandth mode at 35 qu/sec. An approximate'upper limit to the cavity Q
is obtalned by a comparison of the total wall area of the»cé&ity t0 the cross;
sectional area of the wavegulde; this results in a limiting Q of 500, so thaﬁ
the cavity should be resonant at all frequencles near 35 ko/sec° Enough
modes should be present that £he crystals‘are falrly uniformly illuminated by
microwave power.

The cavity and wavegulde. are suspended from the cover flapge of the
helium feservoir, A vacuumtight seal isolates the wavegulde parts inside the
cryostat from the atmosphefe.. |

The associated microwave equipment, all of which is outside the
cryostat, consists ofy
(&) An isolator, which proteccts the signal generator from damage due to
power reflected back into it.

(b) A variable attenuator, to regulate the amount of power going to the cavity.
(¢) A 20-dB branch on which one can monitor ﬁhe power output and measure the
frequency with a calibrated cavity wavemefer.

(d) A 20-dB branch looking at the reflected power, on which one can observe
the change in cavity Q at the electron resonance.

(e) A remotely controlled solenoid-operated switggiggh direct the microwave
power into the cavity or into a dummy load.

The change from positive to hcgative enhancement of polarization or
vice versa can be effected either by changing the microwave frequency (xeeping
the field fixed) or by changirng the field at fixed frequency. The latter

method was used during the cxperiment. Although the klystrons are mecharically
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tﬁnablémover a smali frequency range, freqoent tuning is not recommended,
nof wastitcconvenient. Each klystron was tuned to g frequency at which it
operated stably and with an acceptable power output and was suboequently

operated at conotant frequency.

C. Detection, Measurement, and Calculation
of the Target Polarlzation

1. General Considerations

The.nuclear magnetic resonance of the freeeoroton spins in the external
dec magnetic field is used to‘detect;and measume the free-proton poiarization.
The state of the pfotOn spih system can be‘qescrioed.by a set of magnetic
quantum numbers 'mi,‘ome forbeach free proton; any‘one pfoton may have
m; - + L/2, according to whether ite magnetic-momeht (and spin) is parallel
bom entipefallel to the external field HO;.,The‘energy’levels of the two
poesible‘magnetic.quantum states are separated by’the nﬁcleaf Zeeman energy
o = gthHb, where ,Bn is the nuclear_magneton'and_'gn is the free-proton
" spectroscopic solitting factOr'(see Fig. l)._'Transitions betweeén the two
Zeeman levels arce induced by an applied rf fieldvof frequency B/h. If the two
levels are unequaliyvpopulated (i.e., if there is a net proton polarization),
the proton spin system'exchanges energy with the apélied rf field. Whether
thevspin system absorbs energy from the rf field or-transfers energy to it
depends on mhich quantum etate has the larger'popolation; the‘applied rf
field always tends to equalize the p0pulationc. The rate of energy exchange .

is proportional to the inequality in the populations, a fact which will be

further discussed in Sec. II.C.k. ‘ »
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The perturbation due to the rf field is represented by the Hamiltonian

) -+ -
fﬁrf(p) =gl M = -gp (T +IH +IH)cosut (II-4) |

where I 4s the proton spin and ® = 5/8. If the axis of quantization (i.e.,
the direction of Hb)-is taken as the z axis, the only terms in Eq. (II-4)
giving rise to transitions m = - 1/2 - m = + 1/2 are those containing

I,-= Ix k4 in o Thus, only the x and Yy components of H}f, i.e., the'.
components perpendicular to Hb, are effective in 1nducingvthe transitions

Nn =% 1,

2. Q-Meter Detection

To observe and measure the energy exchange between spin system and rf
field, a Q-meter detectorlo is used. The‘target crystals are placed inside a
coil vwhich 1s supplied with rf current near the resonance frequency by a.
signal generator. The coil is placed so that the rf mégnetic field 1is
perpendicular to Ho’ and 1s resonated at the driving frequency with a
variable shunt capacitor. The tuned circuit, thch has a characteristic
quality factor Q , is isolatedAfroﬁ the signal generator by & high impedance,
effectively making thévlatter a constant-current 30urce._ When the proton -
spin system absorbs enérgy from or transmiis energy to the rf field,; the
effective Q of the tuned circult 1s lowered or ralsed, respectively.

This shows up as a change in the vdltage across the tuned cifcuit as the

driving frequency is passed through the proton magnetic resonant frequency.

3. Measurement Apparatus

A block diagram of the detection and measurement apparatus is shown in
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Fig. 12. The signal generator, a Hewlett-Packard 608C, feeds the
tuned circuit through a large cépacifive reactance 'XB.> The.reasoh for
chooSing"a{éapacitor rather than a resisfor of equal impedénce is that the
thermal nolse of the capacitor is far smaller.' Since at this point the rf
rgignal from the coll has not yet been'amplified, it is eritical to keep
the néise level as low as-possiblé. Forithe_magnetiévfiéld of 9100 G
used during the experiment, the MMR frequency is 38.5 Mic/sec° |

The rf coil is shown in Fig. 11. - It consists of two fec’cangulaf ,
"figure'eights"-1n.serieso BecauSe the skin depth at 38.5 Mc/sec is much
~less than thef0,002—iﬁ. thickness of thé'microﬁave cavity, the coil is
inside the cavity. The figure-eight construction is used in Qrdef to
?rovide a return path for the rf magnéfic fluic'lines° .The éeptum down the
middle. of the»cavity’is to steer the magneﬁic.fius iiﬁes as indicated in
Fig. 11 and pfovide 8 more nearly‘uniform vertical component of the rf
field in tﬁe region of the cfystais. This component’was measured and found
to vary by é fécfor-offless éhan 2 ovef the vdlume 6f the crystals.

No hydrogenous materials are used inside the microwave cavity; to
avoid pigking up a spurious NMR signal. The two crystalsbon each side of ~
the séptum are stuck together with Kel-F fluorinated grease, the rf coil
is Teflon—iﬁsulated bare c0ppér'wire, and the whole:package is tied ﬁogether
. with Teflen string. It rests on a l/2¥in‘-high thin Teflon pedestal at the
‘bottom of the cavity.

The rf coil is Joined td the fest of the circult by a length of coaxial
cable which is an integral number'of half—wafelengths, and vhich therefore

does not change the tuning of the circuit. The coax leaves the cryostat
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through_the cover flange, and the rest of the circuit is nearby, to minimize

fﬁickup.’ To minimize heat conduction to thévliquid helium, the coax 1is
subminigﬁ?;e (leés than L/B in. 0.d.). To pfevent mangetic_forces on the
cbax, fﬁ;“iﬁner conductor is cadmium bronze; this also minimizes the heat
'leak in%9f$ﬁe cryostat. 7 | 3 ' : .
The rf voltage across the resonant éircﬁit'is amplified by two cascode
- low-noise tuned_amplifiérs in series, with a combined bandwidth of several
Mc/sec and a combined gain of 400 at 58.5}Mc/sé¢.' In order to facilitate
.. observation of the chénge in rf voltage due ﬁo_the proton spin resonance;
‘H, 1s modulated at 400 cps, so that the resonance manifests itself as s
 H0O-cycle.amplitude.modulatioh of the rf voltage. ‘Thié modulation is
. effected through a paif of coi1s of approximéte‘Helmhbltz,geometry placed
in the magneﬁ gap, driven by a 3-W af;signal;génerator. In order to maintainv
the magnetic field stability required'for dyhaﬁic‘polarization, the field
modulation is Limited to sbout 1 G peak-to-peak.
| The modulated rf voltage is rectified aﬁd synchronously detected in a
‘standard way. The diode passes a 400-cps signal proportionsl to the‘
modulation of the rf carrier voltage. ‘Since the resonance line is =~ 15 G
wide, the signal is sinusoidél'and proportional to the slope of the resonance
1ine at the éarrier,frequéncy‘ \
The hoo-pycle signal ig then successively passed through an amplifier,
a calibrated attenuaﬁdr, two twin-tee narrow-band amplifiers with 400 cps
center frequency, and into a lock-in detgctof,ll in which the desired 400-
cycle signal adds cohérentiy, while random noise and signals at other
frequencies are suppressed by the integrating filter if the time constant

is sufficiently long. The reference signal for the lock-1in detector is
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~derived from the same signal generator that drives the field-modulation coils,
with an adjustable phase. The signal outvof the lock-in detector is a de
signal proportional to the incident ac signal émplitude. The calibrated
attenuator is used to keep the signal at a proper level for the recorder,
as well as to keep the intermediate amplifiers wofking in a constant
amplitude range.

As the rf carrier frequency is swept across-the-NMR frequency by a motor
drive on the signal generator frequency control, the resulting dc signal is
displayed on a millivoltmeter chart recorder, tfacing out the derivative of
the resonance line. The signal-to-nolse ratio varies with the square root of
the integrating filter time constant.ll The time constant must be chosen
short enough, however, to ensure that the response follows the variations
in signal amplitude.. A time constant of 0.5 sec, for a resonance line
 traversal of 1 min;was found adequate.

In addition to the derivative of the proton resonance line, é signal
proportional to the dc current through the diqde detector 1s also recorded.
The time constant is long enough so that the 40O-cycle modulation does not
appear. Aésuming-an ideal diode (current proportional to rf voltage incident),
this signal is proportional to the voltage across the rf coil. As will be
explained in the next section, this éignal (called the "rf level") is used

in the calculation of the polarization of the free protons.

4, Calculation of the Polarization

The polarization of the free protons in the target is measured by
observing the size of the NMR signal. Explicit formulae for this are developed

in this section. First, some general comments are in order.
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' The NMR signal depends not only ‘on the polarization, but also on
t’v’various instrumental parameters such as the coil-filling factor (the
"fraction of the rf-coil volume filled by the target), the Q of the coil,
- the average rf magnetic field in the coil, and the amplification in the

'detection system, some of which cannot be measured accurately or reliably

Col

-enoUgh to be useful for'a'direct calculation of the polarization; “The
detection system is calibrated by measuring the NMR signal at thermal
equilibrium with the- surrounding liquid helium bath. The polarization at

jthermal equilibrium can easily be calculated from & knowledge of the

.reiternal magnetic field and the helium temperature.' |

| The’ calculation of the polarization then proceeds in two steps.'

| ‘First, a comparison of the NMR signal sizes under conditions of high
»polarization and at thermal equilibrium gives the enhancement factor- E .
Secondly, the thermal equilibrium polarization Po is.calculated. Then
the target polarization is PT‘= EPOt.

Consider the two proton-spin energy levels of Fig. 13, with energies
E+ and " E_ - and populations N+' and N_ ; The energy difference gives

the resonant angular frequency by the relation
8=E -E =%hw,. : -~ (11-5)

Actually, interactions between neighboring'protons cause small variations
in the local magnetic field and consequently a distribution of states peaked
around E+ and E . The resonance has a finite width and is conventionally

described by a line shape function g(w), which is a bell-shaped curve peaked
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Fig. 13, Energy levels of a free proton-in a magnetic field.
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' arqund'the center frequency '@O,_and which 1s normalized so that
(o0}

J/‘g(w)aw,= 1. o (11-6)

o

~ Under the action of an applied rf field,

g Ty % 2y 08 06 = Re(me ), (a1

the transition probability between the two,statesvin Fig. 13 1512
v A : 5 ) N . |
W= /2 glw) (7H)) o -~ (11-8)

- where ¢y 1is the free-proton gyromagnetic ratio. The power absorbed by the

- spin system is then

Power abéérbed = (N+ - N_)wﬁw,  _ : ‘(11“9) 

N

Recalling the definition of proton polarization, Eq;(IIél), this becomes

Power absorbed = NP Wtiw = n/e g(w)(y'Hl)QMwPT , (rI-10)
where N. is the tota]-number'of protons and PT is the target polarization.
To obtain expressions more direcﬁly related to experimentally observed
' : t .
quantities, a complex rf susceptibllity X=X -1 X" 4s introduced,

with the usual definition M_ = ')(H__Dc . Here X' and X" represent the
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components of the transverse magnetiza.tvi_‘on in phase and 900 out of phase |
with the trénsverse rf field, and are célled the dispersion and absérption ’
respectively.
The formula for the power absorbed in terms of the susceptibility now
follows in a. Straightforward manner. From the definition of ‘Mx. and Eq.(II-T"()

one has
_ iwt ,
M = 2Re(X He ). o - (1T-11)

With the usual formula for the power absorption per unit volume,

: ~» dH
Power absorbed _ @ di - _ /i 1x .
unit volume <' M at > = <Mx =/ (1r-12)

one obtalns the result

Power absorbed _ . : ,,< 2
T Vol —lkoHi X (sinwtcoswb>+l+w X" {sin wt>

]

D4 Hi X ", | | | (1I-13)

Equating (II-10) and (II-13), one has

LR L OR | - (II-1%)

IV s
iy g (WN_

where l\IV 15 the number of free-proton spins per unit volume. For the

present purpose; it is Sufficiént to know that the polarization is proportional

to X ".
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| 'A_reietion*Will now be.deneloped between X" -and the voltage across

the rf coil; It is assumed thet'e sufficient1y‘iafge impedance is inserted

'between the rf signal_genefator and‘fhe tuned circuit to make the current

‘passing thr ugh the latter constant to at least that accuracy with which

"it is desired %o know the polarlzation. In that case the voltage Vg
- across the’coil is proportional to the absolute value of the tuned-circuit
_impedanCe;;_In the absence of any nuclear ebsorptidn)‘the impedance is~given

?;f byn , -

1/z_ = 1/(R +1L) + 1uC , - (11-15)

‘.where R is4the resistance of the coil and‘coax, L is the inductance of
the coil, and C 1is the: shunt capacitance.
To obtain the formula for the impedance of the tuned circult in the

presence of nuclear absorption or emission, use is made of the following

argument:” 13 the rf field in the 0011 is made by a current Re(Ieiwt). The
flux through the coil in the absence of proton spin resonance is’
¢ = BA = HA = Re (LIeiwt)

, | ' | (II-_16)

where A 1s the area of the coil. In the presence of a transverse magneti-
zatlon M = Re( )(Hlx) in a fraction n of the coil volume, the flux

becomes

©
it

= (H + LeM)A = Re(L'Iei“’t) + brnRe( XLIeiwt)

Re'[L_(l; “m?()emfj'- . | - | | (11-17).

i
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‘ Efféctively, in the presence of nuclear megnetization, the inductance of
'the coll takes the complex value L(l + b X ).i Thus, the generalized’

version of Eq. (II-15) becomes

1

R+ ioL(l s b Xy ~+ C. (11-18)

N

At this point it is neceésary to Jump slightly ahead in this exposition
and consider for a moment the accuracy to whicﬁ it is desired to know the
polarization. The dominant source_of'errpr‘in this experiment was the
staﬁisfical efror on the scaﬁtering asymmetry, which ranged from 25% to
more than 100%. Since the fractional error of ﬁhe target polarization is
added in quadrature, this polarization need be known only to about 10%.

This will be of considerable help in simplifying the calculation of the
polarization.

In solving Eq. (II-18) for Z , use is made of the relationship betwéén
w, L, Q, and R in a parallel resonant circuit to simplify the reSulting
formula. It will be remembered that the conventional definition of the
resonant frequency is thatlfrequency for which Zo is purely resistive,

and that this frequency islh

2
o= - L2 a-3), (11-19)
LC L IC : Q

where Q = mL/R is the quality'factor of the circuit. In actual practice,:

however, the variable capacity C is adjusted not so that Z. 1s real,

0]

but so that the voltagé across the coil, Ifo, is maximum ~-- i.e.;, so that

|z

ol

is maximum. If one solves for oy SO that |ZOI is maximum, one
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- Obtains

G =" Tt Vit * 5 EE(”ZT")'”—* :

 to a fractional accuracy of l‘/.Qu” - Since coil Gi's are fyﬁically"between
_ 10 and 100, Eq. '(II-=2Q) is adeqﬁate not only forv {;he modest requirements
‘of this éxperimen‘t but fdf much more 'accuxy'at'ei meaéuremen‘bs as well.
EqUavtionA (II-EO_) can be uéed fo simplify the expression for Z

resulting from Eq. (II-18):

7 = u"Lz[ 1 +‘4'7r"7'zX“- a | o ‘(H_zl)
R [ 1+4minQX '

" ‘where - cpeLg/R is the (real) impedé.nce of a parallel-resonant circuit. Since

Q > 1, and M‘n'nxb << 1 even for large polarizationms,

2.2

~ WL 1 - : -
ZR = TT e _ (11 22).
. . ’ .
If, in addition, UmX Q <<'1,
2.2
~ oL 1 o
2] = % oy ol (11-23)

since a small imaginary part has little effect on |Z.

For convenience the substitution
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9= <p'»- 19" = bmnal( X ' - 1 X) (1I-24)
is used hereafter. Then Eq.. (II-23) becomes
Z = ((uL)?/R-+ " . ’ (1I1-25)

The signal actually recorded is proportional to

Mzl _(wl)® 99" Iz[* 3" (s

ettt

H, — (R+®")* oH, —  (wL)?

Equafion (II-é6) is the basis for the usual statement that a Q-meter detector
is linear in the pblarization. If the shape of X" (a),HO) i‘s independent

of fhe polarization, then. _ 4/0 is as gbod a measure of the polarization
as o". If, in addition, the rélative .change in Z due to the resonance is
small (1 e., if AQ/Q, << 1), then alz/ is proportlonal to the polarlzation.
Both conditions are satisfied at sufflclently low target polarizations, but
at PT X 20% deviations from linearity occur. The deviation due to the
nonzero change in q can be avoided by noting that % is proportional

0 .

1 a/z/
to /Z/.l //

In the analysis of this experlment the rﬁagnitude of 7‘2'7'2. a/ A/
was used as a measure of the polarization, iand a correction was added for
the change in line shape. The magnitude of él Z/ was measured as the
peak-to-peak amplltude of the signal traced out as a functlon of rf frequency.

(The signal, being roughly proportional to the deriva:bive»of the bell-shaped

~
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function ¢" , has the general appearance of a dispersion curve, with
peaks at the points of manimum lepe of ¢";) A signal proportional to
|Z| 1is obtained from the "rf level" signal mentioned in Sec. II.C.2. The .
:fpr0per procedure is to divide each peak'amplitude.of 3/3%5;4 .bj v ‘ZI2
measured at the same frequency. Since.the value of IZI at the position of
maximum slope is difficult to read fromAa graph of |Z| vs. w , and since
it is about halfway between |2, )| (the"base'line") and |Z(a> )|
(the value at the. center of the reaonance), the procedure generally adopted

was to div1de the peak to—peak amplltude of 3/%}/;{ by the product of

IZO(mb)l and lZ(wo " Since, at P 20%, |Z (w )| and '|Z(wo)| differ
by only 6%, this procedure is adequate for the desired accuracy At thermal
equilibrium polarization (0. O{% durlng the experiment), the s1gnal-to-noise
ratio is such that no dlfference can be detected between IZOI and (Z|.

The rf level signal also prov1des a foolproof way to determlne the
direction of f% v if |Z] decreases at_resonance, one has nuclear absorption,

the protons are predominantly'in the lower-energy state, and ﬁ; is parallel

to ﬁ; : this is called pos1t1ve enhancement. Conversely, if |Z| increases
at resonance, F} is antlparallel to HO 5 and the enhancement is negative.

To take proper account of the change in resonance llne shape w1th
polarlzatlon, ‘a formalism is developed that does not depend on a detalled

knowledge of the line shape function g(w), but uses instead its normalization,

(I1-6):

[god-2

0
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Since, by Eq. (II-14), X"(w) [and consequently also 9"(w)] is proportional

to g(w), and to Pp s

(]

U4 .
J/ZF (w)dw = P, x constant independent of polarization. (1T-27)
o _ '

[Although, strictly speaking, ¢"(w)ec w X"(w), the regibh in which- g(w) |
is nonzerovis 50 small compared with w (100 kc/sec vs. 4O Mc/sec)tﬁat the
factor w can be safély takén‘outside the integral.] The fuﬁctional
dependence of the absorption ¢"(w, HO) is always of the form ¢"(w - 7HO).

Hence,

%‘}% = -7 %ﬁlﬂ . (11-28)

Using Eqs. (II-26) and (II-%8), one can form the double integral

L4

o w , v ;
SO 4 sl [ |
' . 0 v .

0 g

which, by Ea. (II-27), is proportional to P
The calcuiation of target polarizations by use:of this prescription

can obviously be a véry time-consuming operstion if done manually. Further-

more, a linear (or at least .a calibrated) frequency-driving mechanism is

needed, and the chart recorder paper speed must be such that the signals

are‘accurately readable at small fréquency intervals. In the analysis of

this experiment)vthis operation was performed on one occasion, and the fesult

compared with that of the simpler calculation, using the same thermal
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vveggilibrium and enhanced signals. Iﬁlﬁhis way, a cofréctioﬁ factor of 0.85
ﬁg{_dbtainéd, which was applied to all other éalculated pqlarizainns.
.;'ijjThe recorded signals are pr0portional to %%Zl and |Z| only to
ﬁthéréxtent that the series current through the tungd circuitnis constant .

This current is given by

I - o058 . o | (11-30)

-.'where Vbsc is ﬁhe rf signél generator voitage,-and is  is ﬁhe reaétahce
bj of the series capacitor. The reqﬁirément fbr'cénstanf .IS” ig that IXSI
be much larger than the change in IZ]'.due to the nuclear magnefism._ |
Measurements indicate that during the experimentvthe change in IS due

to nuclear magnetism was less than 1%.

5« Measurement Procedure

Several auxiliary measurements were ﬁade to ensure lineafify'of fhe
detection system. The various aﬁplifiers weré.checked,forrtheir'regions of
linearity, and tle signais were kept in these regions. The signal attenuétor»
was calibrated énd féund to agree with the nominal attenuation values to
better thén 1%. The frequency of thebaudio oscillator was monitored to ensure
that it stayed on the peak of'the twinfteé responsé curve. The phése of ﬁﬁe
lock-in detector referéncevsignal,was monitored to enéure that it remained
in phase with the 5|Z|/6HO signal.A The frequency response ofvtﬁe rf
amplifier stages was found to be flat within tﬁe desired accuracy of thié

experiment.



b7
The only nonlineérity in the detection system is in the diode detector,
which was found to have a nonlinear current-vs-voltage curve in the region
ip which it was used. The diode response curve was measured by recording
the "rf level" appeafing at the chart recorder -- and proportional to the

diode current -- as a function of input rf voltage as measured by an rf

voltmeter. This gives a calibration of the "apparent rf level," hereafter

called W, vs the "true rf level," V. - Since |Z|«:Vrf, all rf levels
read on the recorder were‘changed to true rf levels by méans of the calibra-
tion curve before being used in calculations. Similarly, thé differential
;ignal as read at the recorder is BM/BHO rather than GVEf / BHO, and was
corrected by the factor BVif /oW , 1.e., by the slope of the calibration
curve, before being used in calculations. (Since the polarization is.
calculated by comparing the enhanced and thermal equilibrium signals, fo
and BVrf /BHO in any consistent set of units can be used in place of
|z| enda d|z|/oH, .)

Clearly this requires the simultaneous recording of Bw(w)ﬁéHO and
W(w). In practice, since only one recorder was available, they were recorded
in succession, at times when the polarization wés fairly constant. Since

V. changes by only 6% in going from no polarization to 20% polarization,
this proceaure was adequate.

A measurement of the target polarizetion is.meaningful only if the act
of measuring doés not significantly affect the-polarization. At thermal
equilibrium, the spin system, under the combined action'ofvthermal relaxation
tending to polarize it to a value Po = tanh Q/ékT and of rf-induced

transitions tending to depolarize it, arrives at a steady-state polarization

15
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Where T. is the 1ongitudinal relaxation time,'the characteristic time in

1
which the spin system exponentially approaches thermal equilibrium polari- v L
zation in the absence of an f field; Pi = PO if (7}11) T T, << 1
Tl 'was measured and found to be of the order of 10 minutes, and l/T 2xn

(half-width at half-maximum of the resonance line) ® 2 x.lO5 sec _. Thus,

the requirement is
; -1 o ' . N
7H, << 20 sec™™ . (11-32)

Remembering the field-frequency conmersion 4,26 5£é§23 , this yields

@ =

H << 5x 102G .

‘Estimates of Hi made from an approximate knowledge of the series current

"IS and of the coil Q 1lead to a value of Hi less than 1x lO =3 G. That

1
iexperimentally'verified by comparing signal siZes immedietely after the rf

the presence of H does not affect the polarization significantly is

frequency has been at W for several minutes and after it has been off
resonance for several minutes. No change“in ampiitude wa.s found, either
at thermal equilibrium or at enhanced polarizations. : _ ¢

On a given day the measurement procedure is as follows: about one

hour before data taking is to begin, the cryostat is filled with liquid -
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helium, and the target allowed to come to thermal equilibrium. The
differential signal is monitored during this time, and when it st0psv
growing, the polarization is at its thermal equilibrium value. This
generally takes about 15 min. .The differential signal and rf level are then
recorded several times; a typical differential signal is shown in Fig. lﬂ.

Frequently thé zeroline of the differential signal is displaced from
zZero Qoltage on the recorder. 'Thié is because of the buckling of the thin
walls of the mlcrowave cavity when the L40O-cycle eddy currents due to the
field mo@ulation interact with Hb . This slightly changes the inductance
of the rf coil and causes an additional L400-cycle modulation of the rf
voltage across the coil, and a 400-cycle signal at the lock-in detector.

The amplitude and phase of this signal chénge'from day to day, but remain the
same on & given day once the temperature is fairly constant. The resulting
dc signal at the recorder_often changes with rf frequency, causing a curved
but reproducible effective zero line. When the zero line is quite sloped,
and its position somewhat uncertain, the "potato,” as it is called because
of its shape when displayed on a synchronousiy swept scope screen, can be

a small aﬁount, Just enough to move the

0]

separately recorded by changing H
proton regonanée away froﬁ the frequency region of interest. If the potato
is so large as to make the NMR signal difficult to measure, one can trace
the latter out by sweebing HO instead of the f:equency (thereby at least
makihg the potato constant), and offsetting the zero at the recorder to
bring the signal on scale; However, if possible, it is preferable to

measure the unenhanced and enhanced signals in exactly the same way. (The

signal at high polarization cannot be measured by field-sweeping because
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Fig. 14, Typical differential signal at

thermal equilibrium polarization.
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that would change the polarization.)

For the purpose of calculating theAthermal equilibrium polarizatiqn,
the field HO is measured by measuring the center frequency of the pfoton
resonance, aﬁd the temperature 1s measured by measurihg the vapor pressufe of
the liquid helium bath with an oil manometer. At Ho = 9100 G and T = l.2°K,
the thermal equilibrium polarization is about 0.07%.

The measurement of enhanced signals is carried out in ﬁuch the same
way. The rf frequency is swept back and.forth through the proton resonance
line, providing a semicontinuous monitor of the amplitude of BW/BHO.
Occasionally W(w) is recorded instead, for use in calculating some of the
corrections to the polarization. The polarization is calculated by using
ad jacent BW(w)/BHb and W(w) signals, and each of these calculations is
used as a calibration poinfj the polarization corresponding to any other.
differential signal is assumed to be proﬁdrtipnal to its peak-to-peak |
amplitude. Since enhanced signal sizes did ﬁot vary by more than 10 or 20%
over the time spans involved, this aséumption is Justified. The average
ﬁarget polarization for each group of scattering data known as a "run"

(see Section‘IV.F,h) was calculated from the average peak-to-peak amplitude
during the time of that "run."

The signal corresponding to thermal equilibrium polarization is
remeasured every few hours (the exact time intervals depend mostly on bqundary
conditions due to the accelerator schedule.and the needs of the scattering
experiment), and agein at the end of the day--a "day being a period of more
or less uninterrupted data-taking, which is usually between 12 and 48 hours

long. The various thermal equilibrium signal amplitudes from a dsy's running

| are generally found to agree with one another to about 5%, With a normal
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signal-to-noise ratio of about 20, the:ampliﬁude of each signal can be
measured_énly to .about 5%, so that the agreement is not unreasonable.

To obtain the thermal equilibrium signal more quickly than by allowing
a signal 300 times as large to decay exponentislly with a time constant of
10 minutes, a.large rf cprfent at the frequency @ is appiied to the
coil by circumventingvfhe seriés capacitor CS, of " Fig. 12, causing a
large Hl

large H causes & zero steady-state polarization; in other words, the

field at the target. Accordingvto Eq. (II-31) a sufficiently

‘populations of the two proton spin states are equalized by the high transition
probability caused by the large H1 . . In practice, the polarization is
destroyed by this method in about 3 min. It then grows back to within 10%

of its thermal equilibrium valﬁe in about twice the relaxation time.

6. Polarization Results

Dﬁring the scatteriné experiment, the average"farget polérization was
22%. This was lower than it need have been, for a klystron which was on its
last legs was used during most of the experiment. Tt finalljrdied two days
before the end of the'experiment, and was replaced by a borrowed klystron
of the same kind. Thereafter, the polarization averaged 25%, and on some
runs was as high as é7%a Slightly higher pdlarizations could probably have
been obtaihed by increaslng the microwaye power supplied'to the target, but
at the expense of a higher rate of 1i§ﬁid heiiumvconSumétion and therefore
more frequent interruptiohs in the data-taking.

During normal operation, liquidvhelium refills must be made every L
hours. It takes about 20 minutes to refill and bring the polarization back

up to & high level.
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Dufing a true steady state, the target polarization is quite constant,
but changes‘in the microwave power, drifts of the magnetic field, the need
to refill helium, and the frequent reversals of ﬁhe polarization direction
required by the scattering experiment make prolonged steady-state operation‘
& rare luxury. '
, Uhder ideal conditions it is possible to measure the polarization with
a fractional uncertainty of less than % 5%. The principal source of error
is unéertainty of the thermal equilibrium signal due to the small signal-

to-noise ratio.

- D. Recent Improvements in the Polarized Target

The reader may have noticed the frequent vacillation between present -

and past tense in the preceding sections dealing with the polarized target.

~ The reason is that since the end of the scattering experiment that is the

main subject of thisvdissertatioﬁ (March 1963), a number of important changes
have been ﬁade in the construction and operation‘of the polarized target and
its associated equipment, resulting in great improvement in the polarization
and in other areas. |

By far the most important change is the switch to microwave tubes
oscillatiﬁg at 70 ko/sec, twice theaformer frequency, and a ccﬁmensurate
change in magnetic field to 18 800 gauss. :These changes have brought the
target polarization to values consistentlylover 60%, and occasionally as
high as 65% (vs & theoretical limit of 88%), Only a part of the increase in
polqrization'is due directly to the increaée.in miérowave ffequency; the

rest is due to the improvéd resolution of the partially forbidden electron

spin resonance. In the best cases, three-quarters of the theoretically

possible polarization is achieved, as Opposed to half at 9100 G.
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The T0-kMc/sec radiation 1s obtained from a Carciuotron COE-40
backward-wave oscillator, capable of putting out 10 W CW', Although most
of the microwave system has beeﬁ switched to 4-mm compOneutsg the'waveguide
inside the cryostat and the cavity are unchanged., The Semm wavegulde
was retained because it is far less lossy than l-mm wavegulde; the fact
fhaf it probably does not transmit s pure mode is of no concern, since the
cavity is untuned. | 7
The opefatidn of the target is considerably simplified by the circum-
.stanee that Carcihotrons.are-electronically ﬁunable over a range of B-kM.c/secn
| The magnetic field and the NMR‘frequency are held fixed and the milcrowave
frequency is varied to obtain the optimum polarization;_or to reverse the
: direction'Of polarization. This has'led to the techﬁique of "sitting on the
peak" (keeping the NMR frequency fixed so that the differential signal is
at one’ of its peaks), where small changes in polarization can be rapidly
detected, thereby considersbly speeding up the optimizing of the polarization.
The proton relexation tirr‘xe.’Tl .ie“nou 15 to 20 min (vs 10 min at 9100 G),
which makes the approaeh ﬁowerihthermal equilibrium much slower, and the
megsurement of thewtherMal equilibrium signal much mdre tiine-consuming°
with the achievement of such high polarization, the question of the
valldity of the approximatione used in deriving the formulae for calculating
the target polarization must be reopened; In particular, the fractional
ehange in Q , as measured by the fractional change in 'Zl, is now.25%;.
and. the line shape changes drastically between thermal equilibrium and 60%
polarizations, es can be seen by com@aring the differentiel signals in

Figs. 14 and 15. Expressiens for calculating the polaiization under these

conditions are developed in the Appendix.
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The true resonance line shapes

[‘" o1 9z
AvEZa -
0 /Z(U)/ dw )

as obtained from actual data, are shown in Fig. 16 for thermal eqﬁilibrium,

for large positive, and for large negativé polarization, and provide an
interesting qualitative explanation of the line shape. Consider two protons,

the hydrogen nuclei of a water molecule, spatially arranged as in Fig. 17

" with respect to the dec field ﬁb . 'The field at proton 1 is (ﬁo + ﬁél)’

where X is the dipolar field of proton 2 at proton 1:

21
2 IIE :
HE’]. = FT} . (II"‘BM')
"2l
Since up ~ lO-3 Bohr magnetons and I¥!2l ~ a few Angstroms, H2l‘ is

a few gauss. There are two possible values of the local field at proton 1,
differing by a few G, and two resonant fréquencies, depending on the sbin
orientation of proton 2. This structure is seen in Fig. 16(a), where the two
peaks are separated by 9 G. In Fig. 16(b), cérresponding to high positive
polarization, proton 2 is more likely to be parallel to HO, causing a local
field Hb + H21 at proton 1; therefore, the high-frequency pesk stands out,
while the low-frequency peak shrinks. In Fig. 16(6), for negative polarizétion,

Just the reverse is true.

In order to make a cleaner separation between scattering events from the

polarized free protons of the target and background events due to scattering
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Fige‘l5. Typical differential signal at’
about 60% polarization. '



Fig. 16 NMR absorption line shapes, obtained by
numerical integration of f{he properly corrected
differential signals: (a) at thermal equillibrium;
(b) at high positive enhancement; (c) at high
negative enhancement. The three MU-32816
signals are normalized to equal areas.

5T
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o Proton |

o Proton 2

MU.32732

Fig. 17. Model of the spatial arrangement of two
free protons in a magnetic field, used to qualitatively

explain the double resonance line in Fig. 16.



29
from the complex nuclei ‘of the target and from the cryostat, the 0.005~in.
Mylar flask at the bottom of the helium container and the 0.005-in. Mylar
wrap-around window et the botﬁom of the vacuum can have been replaced by
ic}entical parts construéted of‘0.00B-inn aluminum alloy. This has eliminated
a major source of background, scattering events from hydrogen nucleli in the

Mylar. The background subtraction is discussed in detail in Sections IV.F.5

and V.A,
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III. ELASTIC PION-NUCLEON SCATTFRING

It 1s convenient to describe elastic pion-nucleon scatﬁering through
the density matrix formalism°l6 The polarization of a beam of protons is

described by a 2-by-2 matrix p , the density matrix, given by

p;VﬂiL?:ﬁ;_",* S (mm)

;

where o 1is a vector whose compdnents are the three 2-by-2 Pauli spin

‘matrices, and §  is a vector whose components are the expectation values

of the proton. spin (in units of 1/2) along the three axes of a Cartesian

coordinate system. Here p 1s normalized to have unit tface« "'The

‘expectation value of any operator in the proton Spin spaée is given by

(0)- Tr(00), | | (111-2)

as, for example, the expectation value of the»iﬁh componenﬁ of the proton
spin operator:

<°i> =T po, =1/2Tr(o, +F . 7 0,) = /2 Tr(py o)) = Piv. (I1I-3)

(ConSiderable use is made in the remainder of this section of the algebra
of the Pauli spin matrices.17 In particular, use is made of the relations
= | =0. s i £ the unit
005 ieijk g, + 6ij, and Tr o; =0 )  The expectation value o he
matrix is 1, which is equivalent to saying that the beam described by »p

has unit intensity or unit flux.
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The scattering of a beam of protons by a spin-zero target is described
by a 2-by-2 scattering matrix M , which transforms the incident into the
scattered wave function,

¥ = My s ' (111I-4)

scatt inc 7.

where M is a 2-by-2 matrix in the spin space of the protons, and is the
analog of the scattering amplitude in the scattering of spinless particles
by a central potential.
The densitY-matrix Pp of a beam of protons scattered from a spin-
zero target 1s given in terms of the initial density matrix Py by
- 1 | a
pp = Mo,MT, (III-5)
where M1"is the Hermitian conjugate of M . Although the trace of Pp
is not necessarily unity, this definition is preferable because the formula
for the intensity of the scattered beam per unit incident beam (i.e., the

differential cross section) is

A

I="rpps (I11-6)
for an unpolarized incident proton beam; one has

1=1/21(mt), (I1I-7)
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the form of which 1is similar to the familiar I = lf(e)l of the spinless
theory. The ith component of the expectation value of the spin of the

. scattered protons is

Trloyo,) - Tr(omTo)

£°1 _
<°1>= “Tr p,. Tr (Mo, MT ) g (111-8)

S f

The most general form of M for the case of a spin-L/E particle
incident on a spin~zero target (which is equivalent to the case of a pion

and a proton scattering in the center-of-mass frame) is, assumlng parity

1s conserved in the scattering;lgv . » | - R
M=r£(6) +g(6) T - 4, o (1II-9)
~ where
R k, x kf ' ) '
n o= - (III-10)
k. x k, : '
1 J

. . . - ' .
is a unit vector perpendicular to the scattering plane (ki and kf are

the initial and final momenta of either particle in the center-of-mass

system). The quantities f£(6) and g(e). are the non-spin-flip and spin-flip .

smplitudes, so named because they have exactly those properties if the two
pure helicity states are taken as the'basis of the proton spin space.
The differential cross section IO(G) of pions from unpolarized protons

is given by Eq. (II-T7):

Uy
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I,(6) = 1/2 Tr [(g + 10« A)(g* + 1x T - ﬁ)] _ 1g(0)|2 + |n(e)|2.  (zrI-11)

The 0 component of polarization of the recoil protons from an initially

unpolarized target is, by Eq. (II-8),

g AN [(g + ho . n)1/2(g* + h¥g - A)]
P(6) =(og «n) = Ir 1ig _
n < > Ig'E + 'hlz

2 Relg*(6) n(6)]

Ig(G)I? + |n(e)]® - | - (III-12)

The other two components of the recoil-protoh polarization turn out; by

the same formélism, to be zero, yielding the familiar result that in a

scattering that conéerves.parity, the pplarization, if any, must be perpen-
dicular to the plane of scattering. | '

Consider now scattering from polarized protons, whose polarization

is in the 1 direction,

-> A

P, = P_n. , (II1-13)
The initial density matrix is, by (III-1),

=1/2(1+P_ 0 - f) . (III-14)

Py T

The differential cross section from pions is, by Eq. (III-6),
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i

| I(e)

Tr [(g + 55 - £)1/2(1 + 2, § - B)(gx + 043 - 4)

]

5(6)|% + n(0)]? + 2 Rele*(0) n(e)] x

1,(0)(1 + ?ﬁT - 21, - | (III-15)

vwhere the "polarization" in n-p scattering is defined by Eq. (II-12),

: *h -
- 2. Re gih (III-16)
2 2
~lel® + [n]*
. . -
If counting rates are compared for the two cases PT = +IPT|3 and.
55'= -]PTlﬁ , an experimental asymmetry '
I, -1 : L
e-——=— - Pxp | (III-17)
I, +1

can be defined. Thus a measurement of the asymmetgy-inthe scattering of
pions from polarized prétons yields the same pafamétern P as an analysis of
the polarization of recoii prbtons from an unpolarized target. That thié
should be so can be explained by fhe qualitétive argument that both
measurements are essentiallyvcomparisons ofvthebdifferential cross section

for the two cases
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According to the generally accepted postulate of charge independence,

the scattering amplitudes in all possible charge sfates of the plon-nucleon
system can be written in terms of appropriate linear combinations of two
ihdependent'amplitudes of the form (III-é), one amplitude for total isotopilc
spin 5/2 and one for total isotopic spin 1/2. The elastic n+-p reaction;

being in a pure isotopic spin~5/2 state, gives information only about the

. isotopic spin-5/2fscattering amplitude.



66

IV. THE SCATTERING EXPERIMENT

A. General Considerations‘

To measure the asymmetry in scattering of pions from nolarized protons,

one has the choice of two experimental methods. First, one can compare the
differential cross~section of the'process in two directions whose.polar
scattering angles>are equal, and whose a21muthal angles are O and 'l800
Secondly, one can choose one direction only (fixed polar and azimuthal angles)
vand compare the differential cross sections. for two orientations of the
target polarization, preferably such that ﬁT.‘.ﬁ =% 1 (cf. Eq..(IIIflh).
- It was this second method that was used in the experiment.s In this way'one
avoids the most common systematic error in the usual asymmetry measurement,
the misaligmment of counters_when moving them from one side of the beam to
the other.

Since only avsmall fraction of the charged particles scattered in any
direction resulted from elastic pion collisions withlthe-polarized‘free
protons, means had to be found to distinguish these from the larger background
of. other types of events. 1In the angular region in which the recoil protons
had enough energy to leave the target (backwards of 1650 c.m.), a coincidence
was required between the detection of the.pion and that of its recoil proton
at the proper polar angles to satisfy the kinematics of =m-p SCattering,
and the directions of the incident heam and: of the two scattered_particles
were required to be coplanar. Since the nucleons.in complex nuclel have
.momenta of the order of 200 MeV/c, detection of pions scattered from bound
nucleons--as well as pions from inelastic, quasi-elastic, and coherent i

scattering on nuclei--was severely discriminated against by this method.



©

67

At smaller C.Mo, angles, where the reéoil protons could not be detected,
the correlation of énergy with angle of the scattered mesons was used to
distinguish the elastic scattering on hydrogen.‘ This was done by placing
appropriate upper and lower limits on the_range'of thé scatﬁered pions.
This method is inferior to fhe two-particle goincidehCe technique; especially
since there is no.coplanarity reQuirement. Consequently, the fréction of
unwanted events accepted as hydrogen‘evehts was iarger.

Quantitativé methods.of determining the amount of background due to
complex~nuclear scatterings is discussed in Section IV.F.k. '

-~ The écattering geometry is,illustrated in Fig. 18. The scattering plane
is the vertical, because it proved most convenient to build the polarized
target with the magnet gap vertical, and with the target polarization

A . .

horizontal, making [5 | =1.

=
‘The-pion beam entered the magnet gap about 2 in. ébove center line and
was deflected downward so that it passed through the target at the centef
of the magﬁet. The scattered plons were detected below the beam line, and
the recoil protons abbve, as shown in Fig. 18. |
The pion beam energy of this experiment was chosen to match the energy

19

of a previous experiment,”” which measured the differential cross section

for scattering of positive pions on unpolarized protons.

B. Pion Beam
The external proton beam of the Berkeley 18L4-inch synchrocyclotron
was used to produce the positive m-meson beam used in this experiment. A

polyethylene production target, 30.5 in. thick, was placed in the beam of
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protons of T4O MeV kinetic energy, and the secondary meson beam was formed

‘from mesons produced at and near O deg. The thickness of polyethylene was

empirically determined to give the maximun number of pions of 250 MeV
kinetic energy down the pion beaﬁ éhannel.

The grester part of the mesons in the secondary beam was produced via
the reaction p + p - n+ +d . At a given'angle, these mesons are produced
with a unique energy depending only on the enefgy'of the incident proton.

The specific ionizations of the protons and pions involved are such that;

roughly speaking, a meson emerges at the downstream end of a polyethylene

target with an energy £hat is independent of where in the target the

reaction took place. The optimizatlion of the productioh target therefore

coﬁsisted in finding the thickness such that all pions produced by the

reaction p + p - n+ +d at O deg emerge with a kinetic energy of 250 MeV.

The rest of the mesons were produced by ﬁhe inelastic processes p + p - n+ +p+n
and p +n - n+ +n+n .

The magnet system used for momentum analysis and focusing of the pion
Eeam is shown in Fig. 19. It was designéd_by Dr. R. A. Swanson,20 and
was set up and in use fairly cbntinuously during the years 1961-65 in a number
of experiments requiring intense beams of low-energy plons or muons. It is
a double-focusing system, and combines the usual advantage of double-focusing
systems (no momentum dispersion‘at the second focus) with an unusually short
flight path and a large aperture for the pions. The total flight path of
the pions was 30 feet, roughly half the length of more .conventional double-

¥

focusing systems. This is important because of the short mean decay length

of pions at this momentum (65 ft).
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The magnet system consisted of two bending magnets, placel syimetrically
on each side of a symmetric three-element quadrupole. -The bénding magnets
had a vertical aperture of 7-5/8 in. The entrance and exit quadrupole
elements had 12-in, épertures; the center section had g rectangular
: aperture 16 in. wide and 6.5 in. high. The entire length of the pion beam
from the production tafget to the-exit of the second bending magﬁet was
enclosed in a vacuum system.

There was a horizontal and vertical focusbat the center ofvthe'quadru-
pole triplet. The vertiéal focusing was achieved entirely by the bénding
magnets. This was possible because of the large angle of bend in each
magnet (78 deg), which caused the particles to pass through the entrance
and exit fringé fields at a steep angle. The horizontél focusing was achieved
by the end sections of the quadrupole triplet; The center section acted as
a field lens in the vertical plane.

A horizontsl collimator was placed at the first focus to determine the
* momentum bife and eliminate stray particles from the beam. The Jaws of
.the collimator were 2-in.-thick lead; this dégraded pioﬁs passing through 1t
sufficiently to pre?ent them from passing throggh the second half of the
beam 0ptiés system. In the collimator was placed a l-in.-thick piece of
polyethylene; this degraded protons.bf the fight momentum formed in inelastic
collisions at the production target and prevented them from reaching the
second focus.

The width of the collimator was 2 in. during most of the experiment.
The energy spread of the beam was approximately 1 3%,at half maximum. The

mean energy was 246 * 1 MeV. (This is actually the calculated value of the
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mean beam kinetic energy‘at the center of the target. The mean energy
‘before the targep,was slightly higheﬁ) This was determined by measuring
the rénge distripution of beam particles at the second focﬁs in copper
moderator. |

Beam profiles were taken at the“second focus with two small overlapping,
remotely maneﬁveﬁed countérs.'.Full;width at'half,maximum was 2.2 in. in the
horizontal direétion, and 1.5 in. in the Qerticalf

'ApproXimate values for the_magnetkcurrents wére obtained by extrapolation
from currents found to be guitabie iﬁ a previous expériment with pions of

19

nearly equal momentum. The current.in,the secohd}bending magnet,_ Mé s
was optimized by fequiring thgt bions of the desired-energyibé projected
from’the center.of,the cqllimator_at @he first.focus,to the second focus.
This was determined by taking beémérangé curves at various;cuirents. .$he
current in the firét bending magnet; Ml , wasg optimized so as ﬁo bring
pions of the desired momentuﬁ to the center of the co;limatdr° This was
determined,byvrequiring that thevbeam at ﬁhe second focus be.centered on
the surveyedlbeamvcenter liné (that is, on thé line of 78 deg bend in M2)c
The current in the end sections of the symmetric‘quadrupole triplet wa.s
determined bj minimizing the horizontai_width of the beam at the second

focus, as measured by the beam—ﬁrofile technique discussed above. An N
attempt waé made to optimize the current in the fiéld,lens by.maximizihg
the bean intensity at the second focus. However, the optimum current
turned out tq bejgreaterkthan the maximum current permitted in thgt magnet,

- because of céil heating. Sinée théxbeam inténsity,was‘not very sensitive to

- the field lens current, the field lens was used with the meximum safe

.
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current.

The pion beam ihtensity at the second focus is estimated to have been
qpproximately 3 x lO6 per second, of &hich about one-third struck the target.
The beém wa.s contamiﬁated with a few per cent ﬁuons and electrons,19 but
since these do not affect asymmetry measurements of the type performed in
this expériment, no measurement of the beam composition was made.

The Berkeley synchrocyclotron has an auxiliary dee2l thﬁt can be used
to stretch the beam spill.to about 12 msec (out of the 16.7 msec of the
acceleration cycle). However, the Sk-nsec rf structure is still present.
The stretched beam spill was used throughout the experimenf, with a
consequent improvement in duty cycle by about a factor of 50.

The pion~-production target énd the first half of the magnet system
were completely enclosed by a concrete blockhouse with walls about 5 ft
thick in order to reduce the amount of stray radiation in thg region of the
particle detectors neér the polarized targét. The primary protpn beam that
passed through the pion-production target was deflected slightly in _M1
and buried in a 3-ft-deep well in the rear of the blockhouse.‘ Additional
shielding of concrete, iron, and lead was placed in critical areas, such
as along the direct line of flighf between the production target and the
particle detectors.

1 During part of the experiment it proved desirable to reduce the beam
energy spread (see’Section IV.F.3). The collimatorlat the first pion—Beam

focus was narrowed to 5/4 in. Magnet currents were re-optimized according

to the criteria discussed above. With this collimator, the beam energy
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spread was * 2% full width at half-maximum. The beam intensity was lower

by about a factor of 2 than with the 2-in.-wide collimator. Since the
polarized tafget and associated apparatus were in place during the time when ”
the narrow collimator was7used, no beam profiies‘at the second focus were

taken.

C. Counters and Electronics_

The scattered pions were détected by the scintillation counter nl,
»which wa.s mounted on a cart and‘could be noved on a pair of rails along the
arc of a circie of radius Qé—l/N in. concentric withbthe target. The recoil
protons wefe detected by five fixed scintillation counters Py ...Ps.
Immediately.behind these was counter Pc("P common"'), which was large enough
and so positioned that any particle traveling from the target to one of the
. counters Pl...P5 wouid pass through it. Its puipose was to reduce sccidental
counts due to random photomultiplier—tube noise by requiring scattering
events to register as threefold instead of twofold coincidences.

‘For the angles at which the recoil protons could not be detected, a

differential range telescope was used to detect the scattered pions. The.

telescope is shown in Fig. 20. To be registered as having scattered off

a free proton, pions had to pass through ﬁl and Rl but not through R2 .
\
/ .
A Ufshaped anticoincidence counter was placed‘immediately upstream from

the cryostat, at the level of the target. Figure 21 shows the snape of the
counter as the beam sees it; it is called the "Arc de Triomphe." TIts .
purpose was to give a veto signal for scattering events originating in the
thick metal parts of the cryostat.

Two counters,{called L and R, were.pleced 21 in. upstream from the

target on the left and right side, respectively, and were used to monitor
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the horizontal beam position (see Section.IV.F‘,Z)°

When desired, the counter telescope for measuring the range of the
beam particles could be installed oﬂ a platform upstream from the target.

Each counter was made of a solid solutioﬁ of terphenyl in polystyrene,
the standard Radiation Laboratory scintillator material, and was viewed
through a solid lucite light pipe by‘a RCA-6810 photomultiplier tube. .The
dimensions of the scintillating regién of éach counter, as well as other
pertinent informﬁtion, are given in Table I.

The signal from each of the pion and protén counters was passed through
a tunnel diode voltage discriminator,22 delayed, split when necessary by an
"active splitter" with an approximate voltage galn of 1,22 and fed into
coincidence circuits of the Wenzel type.25 The outputs of the various
coincidence circuits were passed through discriminators and fed into scaling
Lnits.22 The outputs of the A, L, and R counters were similarly treated,
but their singles counting rates were so high that they could not be passed
through the tunnel diode discriminators. 4

D. Logic

A schematic dlagram of the elecffbnic logic is shown in Fig. 22. The
pulses from the counters g Pc, and A were split and placed into coinci-
dence circuits with pulses from each of the counters Pl_". P5. When ey
was in a position to count pions conjugate to the protons in Pi’ the =n-p
events were registered by the coincidence .aniPcK (a bar over the counter
name means that the counter was COnﬁected in anticoincidencé). At the same

time coincidences ﬂlePcK (Pj # Pi) were scaled, to gain information on
the background at angles not conjugate for scattering from free protons.
Figure 22 also shows the logic used to identify the wx-p events at

angles where the recoil proton was not detected. In this case a n-p event.

- was registered by the coincidence anlﬁéﬁ.
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Table I. Characteristics of counters used in asymmetry measurement.

Counter Width in the| wWidth in the | Thickness | Distance
- 9 direction ¢ direction o ‘from target”
o .(in.) (ing) ' (in.) ‘ (in.)f _
P, 1.5 1.5 1/4 8
P, 1.5 1.75 1/4 48
Py 1.5 2 1/k 48
P), 1.5 2.25 /% 48
Py 1.5 2.5 /L 18
P_ 16 [2 to 3 (flared)|  1/% 49
7t k.5 4.5 - 1/h 22.25
R 5 5 3/16 32
R 9-in. diameter 33

| 1/2




&)

L.

—

Coincidence

circuit

L Anti cainc,

Coincidence

circuit

CCANtT coinc,

Tunnel diode ]
discriminoior Scoler

Tunnel diode
discriminotor

Scoler

—

™ Coincidence
circuit

P Variable Tunnel diode | _| Active
¢ delay discriminator splitter
[ Voriable Tunnel diode.
' deloy discriminotor
Pz I ]
|
|
Py )
. |
Pa . ! |
P, Variable Tunnel diode
s delay discriminator
) Active —
L. | Variable Tunnel diode —
N . 1 .
deloy discriminctor splitter
A Varioble Active :
deloy splitter —
(a)
- Variable Tunnel diode | | Coincidence
) s L.
deloy discriminator circuit
L Aditi” coinc.
S
A - | Voriable ___J—
delay
R Varioble Tunnet diodge
! deloy discriminator
R Variable Tunnel diode
2 O
deloy discriminator -

Fig. 22. Schematic diagram of the logic used to

(b)

Tunnel diode Scal
discriminator coler

" Anti coine,,

MUR-2275

identify elastic events: (a) pion-proton angular

-correlation; (b) pion angle-range correlation.



E. Nonnalization of Counting Rates
. The pion beam iﬁtensity ﬁas,monitoréd by‘é 2-in.-deep_argon-filled.

ionization chamber of the type commonly used at the Radiation Laboratory 2k
placed at the exit face of the second bending magnet. The current from the
chamber was integrated by an electrometer, the charge stored in a 0.00936-uF
capgcitor, anq the voltage across the capacitor.was continuously monitored
byva voltmetéf and;displayed 5n a pen recorder. The integrated1beam current
“thus displayedeas used to normalize ali cbunting rates.

F. Experimental Procedures

‘1. Beam Monitoring

The steps followed in the initiai optimiéation'of the pion beam in
terms of intensity, energy,'posiiion,.and sharpness of focus and direction
have beén described in Sec. IV.B. “ |

At Several hours ihteryals during data taking, the position of the
primary.proton beam was checked by ekposing én x-ray film to it just upstream

from the meson-production target in a reproducible location. An exposure of

L/lO sec at full beam intensity (5 klell'protons per sec) proved satisfactory.

The position of the pion beam was also checked every few hQurs by
exposing an'x-rayvfilm to it just downstreém froﬁ the polarized target. Thé
outline of fhé'targét.crystals could be faintly seen on the developed films,
éb that the\cenfering of the beam on the target could be checked directly.
‘A representative picture islshown in Fig. 23. An exposure time of about 10
min.was satisfactory. o |

A number of auxiliary counters and circults were used in the expefiment
to monitor fhe pion beam position and duty cycle.

A scintillation counter was placed close to the rear wall of the
blockhouse enclosing the meson production target, but well out of the primary
proton beam. Its output, displayed on a slow oscilloscope triggered by

"a signal from the cyclotron dee voltage, pro?ided a convenient monitor of
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Fig. 23, Outline of the target crystals as seen on
x-ray film exposed to the pion beam immediately
in back of the cryostat.
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the beam duty cycle.

A monitor of the instantaneous beam rate was obtained by scaling
twofold coincildences between pulses from the dynode of the "Arc de Triomphe"
counter, one of which was delayed by 53 nsec. This interval is the period
of the cyclotron's rf structure, and accidental coincidences such as the
ones scaled by this circult are maximized by delaying one pulse by an
integral multiple of 53 nsec.

At various times during the experiment the coincidence counting rates
PcPlK, PCP2'11', and Pcpsli were used to center the pion beam on the target
horizontally. An attempt was also made to use these rates as monitors of
the horizontal beam position. (The ionization chamber, being 6 feet upstream
from the target, was not sensitive to shifts in the beam position.) However,
these circuits showed a target-polarization dependence of s few tenths of
a percent in counting rate, owing partly to the small change in the magnetic
field of Pia when reversing polarization and partly to the small fraction of
polarization-dependent n-p events, and were therefore of little use.

A very sensitive monitor of the horizontal beam position was provided
by the two counters L and R, placed 21 in. upstream from the target to the
left and right side of the beam respectively, in the regions where the beam
intensity varied most steeply with transverse position. As the beam position
shifted to one side, the counting rates in L and R changed in opposite
directions, so that the ratio of counting rates L/R was extremely sensitive
to the horizontal beam position. A shift of 0.1 in. could easily be
detected.

2. General Procedures

The voltages to which the counters were set, the delays of the indi-

vidual counter pulses before reaching the coincidence circuits, and the
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settings of the various discriminators were determined by observing the
appropriate coincidence ﬁounting rates as functibns of these pafameters.
Although preliminary settings were determined by using light pulser§,
the final settings were determinéd under conditions identical to those
during data taking." |

The accidental cqunting rates, due both to beam particles and to
cosmic radiatibn, were found to be negligible. The effect of variations
of the instantaneous beam rate on the normalized counting rates was also
negligible, |

3. Procedures at Individual Angles

The positions Qf the proton counters Pl eee P5 were chosen on the
basis of rough preliminary calculationé of the particle orbits in the fileld
of Pia. The c.m., angles were chosen so as to divide the experimentally
accessible angular region into five equal subregions. The position of

14 conjugate to each of the counters Pl coe P5 was empirically deter-

1
mined by maximizing the appropriate coincidence counting rateo A typical
plot obtained in this fashion is shown in Fig. 2.

At position 1 (6 = 147.0 deg), a peculiar background problem was
encountered. Some of the beam particies were scattered by ﬁl, which:
because of the bending effect of Pia was close to the incident beam, and
registered in Pl’ giying an apparent wn-p event. _Since these fast mesons
had a much lower specific ionization than the recoil protons, the back-
ground was eliminated by raising the discriminator level of Pl .

The differential range telesébpe used to identify =-p events at

the two smallest c.m. angles was positioned on the basis of rough prelim-

inary calculations of the pion orbits in the field of Pla.
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At these two angles, the background due to scattering on bound
nucleons was considerably reduced by reducing the energy spread of the
beam, thus making the pions scattered from free protons more nearly mono-
energetic. This was achieved by reducing the horizontal collimator width
at the first focus of the meson beam from 2 in. to 3/l in.

The u?per and lower limits on.the fange of the accepted particles
were determined by varying the thickness of copper moderator between |

1

and R2 to increase the counting rate “1R1§2K . A differential range

curve thus obtained 1is shown in Fig. 25. The slight rise in counting rate

t and R, . A 1/8-in.~thick piece of copper was always between R

in the vicinity of 60 g/cm2 variable moderator is due to pions elastically
scattered on hydrogen. Asymmetry data were taken with an amouﬁt of variable
moderator such as to maximize the fraction of =n-p events.

L, Asymmetry Measurements

The counting rate of elastic mxn-p events at a given angle was measured
with alternate directions of the target polarization. The polafization ﬁas
reversed every 1.5 to 2 hours. In order'that the beam and‘electronic
circuits could be periodically checked, the counts in the various circuits
were recorded every 15 to 30 minutes, eaéh such division of the data being
known as a "run;“ Thé target polarization was continuously monitored in the
way described iﬁ Section IT.C.4. The beginning and end of each run were
marked on the recorder chart containing the record of the target polariza-
btion, s0 that an average polarization could be accurately calculated for
each run.

5. Background

Referring to Fig. 24, one sees that under the assumption that the

background of boundnnucleon‘events is ndt strohgly angle-dependent this

background can be estimated from the counting rates at positions well
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away from the free-proton peak. The background at the position of the
free-proton peak appears to comprise about 40% of the total counting rate.

To check on this estimate,‘a dumy target was constructed and substi-
tuted for the crystal target. The dunmy target had the same weight as
the cryétal target, and roughly the same éomposition in terms of heavy
and light elements.. It was a @ixture of barium carbonate; ﬁagnesium
carbonate, and teflon: barium to take the place of lapthanum,,and carbon,
oxygen, and fluorine to take the place of nitrogen and oxygen in ﬁhe
crystal target. It was baked out and thereafter stored in a desiccator;
to ensure that it contained no water. The dummy target was placed in a
replica of the microwave cavity and positioned identically as the crystal
target inside the cryoétat. In order to simulate as closely as possible
the conditions of data taking, the dummy target was immersed in liqﬁid
.helium in the crypstat.

Figure 24 shows an example of the counting rates as a function of
pion counter position in one of the coincidence channels intended to count
n-p events, both with the real and the du;ﬁy taréet. Figure 25 shows
differential range curves taken at @ = 68.0 deg with the real and dumy
target.
| In both Figs. 24 and 25 a slight rise in counting rate from the
dummy target can be observed in.the regions where elastic w-p events
wquld be exfécted.to occur. This rise is duevto scattering from the
hydrogen in the Mylar liguid helium container and in the Mylar window
of the vacuum can that surrounds the target. Data taken with the target

removed but the cryostat in place confirm this explanation.



V. CALCULATIONS

A. Background Subtraction

Aithough the poiarized target and the dummy target were of equal weight,
the volume of the dumﬁ& target‘was roughly L/B greater. 'Thus thé.dummyv
target presented'fewe‘rg/cm2 to the beam, but intercepted a‘larger area.
of ﬁhe béam; also the counting geometry was -slightly different. 'The;e was
no a Eriori reason tb expect thé’Background countiﬁg‘rates to be equal in
the £wo targeﬁs. Rather,.one might have expected tq.find curves of éimilér
shape when Jjoining the pointé in Figs. 24 and 25 in the regions where no
T-p evenﬁs are expected to occur, with absolute counting rates somewhat
different. waefer,_it turned out thét the counting rates from £hé polarized
target and the dummy target were equal within»the‘statistical erroréiin all
cases where ho elastic ﬁ-p eventé were expected. Consequently,.the
quantitative'determination of tﬁe background was made in a straightforward
.manner, comparing counting rates from théyﬁolarized and dummy targets ander
otherwise identical conditions. The quantity that enters into the calculation
of the polarization in x-p scattéring is the fraction f of true elastic
ﬂQp events from thé crystal target among the total events acceptéd as such

by the logic. This quantity was calculated from the equation

Counting rate from polarized target - Counting rate from dummy target
Counting rate from polarized target

(v-1)
for each of the seven angles. The counting rate from the polarized’target_'
was taken to be the average of the counting rates for the two orientations

of the target polarization. Since these counting rates were used in calcu-
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lating the scattering asyﬁmetry,‘they were measured with‘relatively good
statistical accuracy (¥ 0.6%), so that the uncertainty in the values of f
comes mainly from the statistical erfors of the counting fates from the
dumy target. Typical values of f were 0.5 when the pion-proton coin~
cidence method was used, and 0.2 when the range telescope was used to

identify =n~p events.

B. Calculation of the Polarization in Elastic n-p Scattering

1. Formulae and General Procedures

The counting rate of events accepted by the logic as =D events

at any angle can be written
R, = Ry(1 % €), - (v-2)

‘where the plus sign stands for the rate with the target polarization
parallel to the unit vector 3 of Eq. (ITI-<10), and minus sign for
antiparallel; RO is the counting rate when the target is unpblarized;
and € is the ‘"raw asymmetry". Solving Eq. (V-2) for e gives

R, - R .

+ - .
€= | (v-3)
,R++R_ :
Recalling Eq. (III-15) for the differential scattering cross. section

of'pibns from a polarized proton target in the absence. of any background,

1e) -1, () (LB, BN, ()
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one can‘generalize this to include the background,

-

I(6) = To(6) (1 + B, - #d) + I (6), (v-)

B

where I.. 1s the intensity of background particles. Rewriting this in terms .
Of'counting rates iﬁ'a_specificjgeometry results in |

CRE) = F) @+ E, o) +n0), (v-5)
R, o= @B R 4B, - (v-6)

where ‘3;» is the counting rate from the unpolarized free protons in the
“target, B 1is the background counting rate.

Substituting Eq. (V-6) into Eq. (V-3) one has

ofr P %

€ = — = P+ P =fP P; (v-7)
o" F 70 :
Pe o (v-8)

T

Equation.(V-8) wa.s uéed'to calculate the n-p polarizations.

At each angle, the average counting rates R+ and 3_ were used to
calculate an average asymmetry € . Thé‘tafgetfpolérization.Was'calculated
by averaging the absolute values of‘the polafizationslof the individual
runs, weighted by the duration of the runs in ﬁnits of integrated pion

beam intensity.
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The pfocedure desribed above is clearly an approximation, for it
lumps all the déta together and makeé no attempt fo observg any variation
of € with |p,] . However, the fractional error of e due to

T
statistics was so large, and the variationvin IPTI so small, that the
approximation is quite justified. As a test, the data at 6 = 108.4 deg
were analyzed in a more correct way, weighting the result of each run by

the magnitude of the target polarization. (This angle was chosen because

.) The resulting value of

there were unusually large variations in IPT
" the n-p polarization agreed with that obtained by the simpler analysils
to within 1 part in 200. |

Typically, at each angle, 20 runs were taken with each sign of target
polarization. The polarization was reversed approximatély eight ﬁimes,
and data at each angle were‘taken on at least two different days. As a
test of internal consistency the.data at each angle were divided into
approximstely four groups, containing roughly equal amounts of data with
positive and négative target learizatiOn taken in immediate time sequence,
and ﬁhe asymmetry was separately calculated for each group. No unduly
large deviations from the average asymmetry were observed.

2. BSample Calculation

To illustrate the description of the method of calculation of the n-p
polarization, and to point out the principal difficulties and sources of
error, the essentials of the calculation for counter position 1(9 = 147.0 deg)'
are reproduced in this section. |

The unit of integrated beam intensity to which the counting rates are

normalized is 1 V on the integrating electrometer mentioned in Sec. IV.E.
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- This corresponds to a total flux of about 4 x 107 pions passing through the
farget. A total of 3L runs of 20 integrated volts each were made at this
angle on two successive days, 18 runs with positivé and 16 with negative
enhancement of the targef‘polarization. " The 34 runs were divided into
ber groups, consisting of several runs with each sign of target polarization
taken in immédiate»time sequence. |

The normalizéd counting rateés in the various coincidence circuits are
given in Tab}e'II. The raw asymmetry in nl?cPlﬁ as defined by Eq. (V-3)
is computed separately for eaéh group of runs. The field directibn of Pia
was such that the target polarization was parallel to A at negative |
enhancement . Therefore, in Eq. (V-3), §+ is the counting rate for negative
enhéncement, and R_ the counting rate for-posiﬁive enhancement. The
scatter in the values of the raw asymmetry is roughly as expected from the
errors on the individual values. The ‘cumulative avérage'counting rates
and the raw asymmetry in leCPlﬁ are computed, and shdw a definite effect
due to the targét polarization. The other coincidence rates ﬁchPiK (i £1)
show no such effects. |

Letting T stand for the counting rate in = A when the target

chPl
is unpolarized, and B for the counting rate from the dummy tafget, the

fraction f of elastic hydrogen events in ﬂlPCPlﬁ is, from Eq. (V-1),
L -B (V-9)

where T is taken to be the averagé of the counting rates for negative

and positive enhancement. From the values in Table ITI,



Table IT. Average normalized counting ‘rates and asymmetries at 6 = 147 deg.

Enhancement . Volts Coincidence counting rates
(integrated) — - - = -
. P PR _ anchA \ ancPBA P RA ﬂchP5A €
Hegative (8b) ' 30.375%0.617 16.588%0,456  10,763%0.367 7.300io.302 5.600%0.265
Group 1 ’ - -0,0108+0.0143
. Positive (80) 31.038%0.623  16.21320.454  10.288%0,36k  7.725#0.30k  k.850%0.263
Negative '(60) © . 30.617%0,716 16.,517%0.,516  10.100%0.k01  7.750#0.36%  L4,633%0,289 .
Group 2 : : - -0.0%11#0,0162
Positive (€0) 32,585%0.738  15.333%0,507 9.600+0.L00  7.9C0*0.36% . 4,950+0.289
Negative ‘(100) . 31.610%0,562.  16.350#0.405  10.760+0.317- T7.680%0.283  5.475%0.241
Group 3 ‘ _ , C : 7 -0.0085+0.0125
Positive . (100) 32.15040.568  16.5k00%0.405  11.080%0.318 8.080%0.284  5.810+0.242
. Negative " (80) 52.21330.635 16.800#0,.459  10.263#0.358 8,288%0.322 5.275to.257 -
Group k& : . _ . : . ‘ . : -0,0118%0,012k
' Positive _ (120) .32.,983#0.525  17.300%0,380 10.058%0.278  7.517#0.2k0  4.800%0.200 -
: - Negative (320) ' 31.26620.313 16.55320,228 10.513*0.2C0 7.750%0.156  5.287%0.133
Cumulative _ , o -0.155%0.0068
. Positive . (360) - 32,253+0.300 16.489+0.214% 10.317#0.170 7.783x0.1k7 5.117%0.119 "
Total Cumulative (680) 31.76840.215 16.521%0,156 10.415%0.12%  7.768%0.107 5.202%0.089 -

Dummy target 16.22%1.35 12.89%1.20 7.67%0.93 8.000.95  L.55%0.71

€6
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31,77 - 16.22

ST =0.489 . (v-10)

The ¥ms error in' £ is given by

\JT

(AI)z +(.é_B_)‘ _ 4B
Wt/ "\B/)| T T

(v-11)

Af = (éﬁ-)"(m) +(é£.)2 (AB)]
_3B A
T

whére AT' and:'AB are the rms errors_in_ T and B asvgi§en in Table II.
Thus, the stafiétiéal’erfor of the.dummy—ﬁargét countiﬁg'rate domiﬁates the
error of 'f . More dumy-target déta_could have been obtained, buﬁ, as

is showﬁ later in this section,vfhe error in f .contributes a}négligible
amount to?the'éfror‘oh'the value éf:the n-p polarization. Uéing;the

values in‘Table II and Eq. (Vfll),‘qne finds
1,35 _ o o -
’37768 = Q.ou5 . | (v-12)

The avefage target polarization is calculated by taking the mean .
of the polarizations during the BMruno at this counter position. The
latter are calculated as described in Sections II.C. h and II.C. 5 When
the individual runs are of different lengths in units of integrated beam
intensity, each run is weighted by its length. Thevavefage value of PT
at 6 = 147.0 deg was 0.20% *.0.020 . |

The elastic n-p polarization can now be calculated from Eq. (V.8):
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- 0.0155 .
0.20% x 0.489

= - 0,156 . | C(v-1%)

The rms error in P is

[0.1920 + 0.0100 + 0.0077 };/2 x 0.156 (V-14)

0.072 .

The uncertainty in P 1is seen to be due almost entirely to the statistical.
error of € . This situat%gp would appear to have'been remediéble, since

all the data @t\this counter position were taken in only 10 hours’net beam
time. Howewr, as can be seen in Table II, the statistical errors on the
coﬁnting rates for positive and négative target polarization are 1%.

It was nét deemed advisable to push beyond this accuracy since the integrated
beam normalization is beliéved to suffer from errors of.the same order of
magnitude. .The real limiting factor in the obtainable accuracy in P‘ is

the magnitude of the target polarization. If PT' is doubled, ¢ is

doubled (ignoring background), and the error in P for a given statistical

accuracy is halved.

‘ C. Calculation of the Scattering Angles v
The c.m. scattering angles were calculated with the aid of an IBM TO90
program "PIAKIN" (Pia kinematics) written by Helmut Dost of this Laboratdry.8
PIAKIN calculafés the asymptotic trajectory of a particle of arbitrary
momentum starting at thé center of Pia. It takes as input data the valﬁe of

the centrsl field and its radial dependence, given as the average value of the
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field in 1k annular rings of adjustable inside and outside radii. The

rédial dependence of the field was measured in the midplane with a rotating-
coil fluxmefer.‘v

Since the angles were roughly known from earlier haﬁd éaiculaﬁions,
brbits of trial angles were computed and plotted on a full-scale drawing of
the scattering geometry, and the exact angles éf the counters were found
by interpdlation. Account waé‘taken of the‘eﬁergy loss of the beam pibns
in the target before interacting, and similarly of the final-state particles
aftervthe‘intéraction.v | |

In this way the c.m. angleé were-computed.SeparateLy for the proton
counters and for the bidn_counter in each of its empirically determined
conjugate positions. Tﬁe.pion.counter angles were found to be systemafically
larger by 1 to 2 deg than the COrresponaing proton counter'ﬁngles, This
discrepancy was largely removedvby assuming the targét to have beenvl/Q in.
upstream from the.c;nter of Pia. The longituéinal pdsitiongof-the cryostat
was not measured.during the experiment, aﬂd a misalignﬁent of i/2,in. could
easily have gone unnoticed.  The remainder of the discrepancy isféXplained
by (a)ithe shifting of the mean c.m. scattering angle of the protons
striking counter Pi a few tenths of a degree from the angle of the geometric
center of Pi » owing mostly to the change in cross sectim across the face
of the counter, and the consequent shifting of the distribution of conjugate
mesons, and (5) by the slqping nonhydrogenous background, which caﬁses
anotﬁer shift of a few tenths of a dégree in ﬁhe pion-counter position of
maximum coinciden@e counting rate. | |

A detailed numerical calculation, including the effects of multiple
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Coulomb scattering, the variation of the rms projected multiple scattering
angle across the counter, scatterlng at pOints other than the center of the
target, beam momentum spread, beam angular convergence, and the variation
in cross section across the counter, resulted in a shift of‘the mean detected

scattering angle in counter P. of 0.3 deg from the center of P.. A

> >

calculation taking into account only the last of the above effects, assuming

a linear variation of cross section with angle, and taking for an effective
width of P5 the experimental full width at half-maximum of the conjugate
pion distribution, gives the same result. For all other counters the shift
in mean detected scattering angle from the angle of the geometric center
of the counter was calculated in the latter way. | “ |

The effective width in c.m. degrees of 'P5_(the full width at half-
maximum of the.angular distribution of elastic recoil protons detected by
?5) can.be calculated‘from the known counter size, rms multiple scattering
angle, and oeam angular convergence, in agreement with the experimentally.
determined one. The effective widths of the other counters were calculated
in the same way. The effective widths of all counters were approximately
equal.

In the calculation of the mean c;m. scattering;angle for each counter
position at which data were taken, the target was assumed to have been 1/2 in.
upstream-from the center of Pia. The effect of the variation in the cross
section over the face of the counter was included in the manner described
above., When the mean c.m. scattering angles of a pair of conjugate counters
differed (as they generally did by a few tenths of a degree), the average

of the two angles was taken as the mean angle for that counter position.



VI. RESULTS AND FRRORS | |
ﬂ*; The experimental results are summarized in Table III, and the ~D
polarization is plotted vs c.m. angle in Fig 26,

At p031tion 7, two separate measurements of the asymmetry were made
w1th slightly different phy51cal setups. The polarization values were combined
by weighting each result by the inverse of the square of its error.. The |
’rms error in the combined result is [XAP ) + (AP ) 217 l/ ; where
APi .and AP are the rms errors of the 1nd1v1dual quantities.

The principal source of errorris the statistical uncertainty of the.raw
asymmetry. Although the indiviaual counting rates:have low rms errors (1%),
the experimental asymmetries are so small (2.5% in the most favorable cases)
that the statistical uncertainty is a sizeable fraction of, and sometimes
greater than, the asymmetry.

The fractional uncertainty in the target. polarization is estimated at

15% Of thls, about 5% is correlated error, in the sense that all values
of the target polarization and consequently of the absolute value of the
=D polarization move up or down together, and is due to the uncertainty
in the correction for the change in the resonance line shape. The other
lO% is uncorrelated error, due principally.to the uncertainty in the amplitude;
of the thermal equilibriumvsignal. Only the uncorrelated error is folded
in withvthe statistical error. In'one:case (position 7b) an error'of 15%
was assigned because of_additional uncertainty’inithe amplitude of the thermal
equilibrium signal. |
The uncertainty due to the background subtraction is given by the

statistics on the dummy-target counting rates. The correlated error



Table IIT.

Data and results. The‘parameter P in n+-p elastic scattering at 246 MeV.

Position 6 c.m.

Method of

Raw asymmetry, Average target Fraction P
(deg) discrimination € polarization hydrogen counts

8 68.0 range telescope 0.0163%0.0068 0.25h4 0.221%0,045 0.290+0,138
75 60,5 vange telescope QOMEROUS 023 01O a0 1
5 108,4 n-p coincidence 0.0241*0,0061 0.191 0.577+0.059 | 0.219%0.06k4
iy 119.1  x-p coincidence -o.ooalio;oo66 0.194 0.449+0,052 | -0.035%0.075
3 129.i x-p coincidence ékooa6to.ob7u 0.185 0.593+0.041 o.d35io.o68
2 138.,0 x-p coincidence ~0.0067+0,0061 0.190 10,5230,042 -0.067%0.062
1 147.0 50.9155io.oo68 0.489+0.043 -

-p coincidence

-~

0.203

-0.156%0.072

66
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Fig. 26. The polarization parameter P in elastic pion—prdton scattering at MU-327987‘
- 246 MeV pion kinetic energy. '
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resulting from systematically incorrect interpretation of the dummy-target
results is estimated to be less than 5%. 1In one case (position Ta) a
slightly larger uncertainty_was assigned to £ because‘the background
counting rate was estimated frbm.the one measured in position Tb.

A possible source 6f systematic‘error was the lateral eﬁiftrqf the heam
center at the target during data takings Beeause of the_careful'beem position
monitoring described in Sec. IV.F.l, and because the direction of target
polarizatioh was reversed at regular intefvels, this error is belleved
to be negligible. |

Because of the uncertaintyvin the exact longitudinal'positiqp of
the target, the‘uncertainty'in the mean c.m. scattering angle is estimated

at + 0.75°.
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VII. DISCUSSION OF RESULTS

‘i‘lhe results are in qualitative agreement with the polarization results
of Foote at 310 Melf;l that is, the’polariZation is small and negative at
backward angles in the c.m. frame, and zero near 120 deg. 'The polarization
results at angles smaller than 120 deg - indicate that a Fermi—type solution
is to be preferred over the various combinations of Minami-and Yang-type
‘Vsolutions-(cf. Mg. 6 of reference l), There already exists strong evidence
for thils conclusion from the work of Rugge and Vik,2 simultaneously fittingv
ﬂ+-p and ﬁ--p elastic scatteringvand‘ ﬂ--p charge-exchange scattering
data. A quantitative study at 2uU6 MeV awaits completion of the analysis of
‘the differential cross section data, which is presently in progress,l9'

Of greater interest 1s the use of these results combined with accurate
bdata on the x -p reactions at the same energy; which are yet to be obtalned,
to.give information on the I= 1/2 scattering matrix, the parameters of
which are far less well known than those of its I= 32 counterpart.2

The availabilityvof a polarized target also bringstinto the realm of
the feasible more complicated experiments such as a measurement of the rotation
parameters,25 which involve the analysis of the polarization of protons
recoiling from a nolarized target, and which provide independent information
on the scattering matrix via the quantities 'lglg - |h|2 and Img*h .

These experiments, however,'necessitaté scattering geometries incompatible
with the presence of a small-gap iron-core polarizing magnet such as Pia.

The results of this experiment also indicate that dynamically polarized

targets of the type described in this report are a useful tool in a wide
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class of elementary-particle scattering experiments, The separation of -
free-proton events from the background; already adequate in this experiment,

can be greatly improved by placing tighter constraints on the kinematics when .

\

‘both particles of a two-body final state can be detected, as well as by

reducing the angﬁlar convergence end momentum spread of the beam. ‘This
has been shown in & recent experiment in proton-proton scattering in the
energy range 2 to 6 BeV, using the polarized target.26 In the best cases,
the fraction of hydrogen events in the hydrogen channels was 90%. When
only one of the final-state particles can be detected, the background
suppression can also be greatly imprbved, particularly through magnetic
momentum analysils correlated with visual.detectibn methods or hodoscopes.
The method can be extended to the region of quite small energy transfers.
In a brief trial run it was found that with the differential ramge
telescope a hydrogen effect could be‘detected when the energy loss of
the mesons was as low as 20 MeV, with the dummy targeﬁ used for'background
subtraction. _

Polarized targets usually reduce the number of scatterings meqmired
for a certain measurement by one: that is; ordinary double—scattering experi-
ments can be done in one scattering; triple-scattering and spin?correlation

experiments in two; and so on. The loss in counting rate due to the "thinness"

" of the polarized target is usually more than compensated for by the gain

due to the need for one less scattering. Polarized targets have the
additional advantages that fixed counter telescopes can be used to measure
an asymmetry, elimlnating the most serious systematic error in the usual

asymmetry measurement (spurious asymmetries due to mlsallgnment), and that
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"analyzing power" (the target polarization) is independent of particle

)

enéfgy‘and'scattering*angle;"Thisumakes polarized targetspartiCUlarlyVUSeful
"a£jvery high énérgies (above a few BeV), where anélyzing‘powers generally
become small, and in reactions in&olving hyperons which, though polarized,
have small decay asymmetry parameters.. In addition,~maﬁy measurements are

 -possible only with: polarized targets.25",27 It is clear that polarized -

targets will haveia long and ugeful 1life in‘ex?érimental physics;

e

Lid
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APPENDIX

Calculation of High Target Polarizations

From the Measured NMR Signals

At target polarizations of the order of 60%,Vthe presence of nuclear
.magnetism sfrongly affects the Q of the paralieleresonant circuit; some
of the approximations made in deriving Eq. (II-29) are no longer valid, and
a more exact calculation must be carried out. A convenient starting place
is Eq. (II-18);.

1
T G Y + iwC, (11-18)

N

which, by use of the definition (II-24), becomes

1 _ 1
Z (R +¢") + i(al + ')

+ iwC . (A-1)

Tedious but straightforward algebra results in the expressions (on the

assumption that o = 1/1C)

\

L +(R ?”)
17/ = (wl +¢°)° ] 3

(R+@n)* +(97)*

éiZ__/ [(wl_-f?) +(7?+§D”)] o 940"
oH, [(R+ 97"+ (Sﬂ)]’/ [( V5
| aso"

(wL#—‘P)aH "'(R %) O,
[(oL+97)* +(R+so")] [(R ?)* + (@))%

¢ &H

+-ca
(a-3)
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"'At"this point 1t is necessary to consider relative magnitudes of various

terms. From measurements it is estimated that Q X 40 at 80 Mc/sec,

. so that

wL® LR, | | (A-k)

From the approximate equation (II-25), one obtains, by diffei'entiating,

dlz] ~ A’ +o") ’ ey
fils sbeed (a-5)

and therefore,

(Alz]) max 4 o max 4 -
AR R £0.25 - (4-6)

where (A|z| ) oy 16 the maximum change in /|Z| due to the proton resonance.

" The numerical factor 0.25 in Eq. (A-6) is obtained from typical rf level

f

T
bility can be calculated frorri the absorptive component by use of the Kramers-

signals at P~ 60%. The dispersive component X'(w) of the nuclear suscepti-

Kr8nig relations. Assuming a single resonance line

X' (w) =K e -
1 +[T;(w -wOTIZ - - 7
(where K is a constant), the re;sult 'ise8
Tplw = @)

Xt(w) = - (a-8)
o § 1+ [TQ(“’ - u)o)]_2 A
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Although it is clear that Egs. (A-7) and (A-8) do not exactly describe the
actual line shape (see Fig. 16), they can be used to obtain the approximate
. relative magnitudes of @' and - R . The maxima of [ X'(w)| are at

W - Wy = + ;/Te, and at these points | X'| has the value
- K oL gy e,
Xl = & = 31X e - (x%9)

Hence the approximate result

24

|o* | 0.125 R . . (A-10)

max

Using the approximate relations (A-4), (A-6), and (A-10), and taking

the quotient 12 alzl ', oﬁe finds that the three highest-order
|| OH '
0
terms are
. 3] .
Order 5 x T - = 5 St (A-11)
(wL) EsHO (wL) aHO :

[this is the highest-order of the terms obtained in the approximate analysis

leading to Eq. (II-26)],

. Order & —F— > ., ., R s M (a-12)
‘ Q (wL)” OoH, (wL)”  oH, )
order o' = 5 % R o ? X . (A-13)
" © R (L) aHO (L) R. aHO
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'7u_ =In performing the double integration

fdmn fdm 2yl (1t
IZ( N|° oHy - (a-1h)
As in Eq. (II-29), the term (A-11) yields the result of Eq. (11-29), i.e.,
| a constant times Py « The term (A-12) gives, by Eq. (II-28),
3 f f"“’ | " Lo B [a ety s0,  (a1s)
(wL) (wL)” *o ; : |

since @' 1is antisymmetric in (0" - ®w). The term (A-13) can be rewritten

P, w o
.___.g____... fdm"fdm' cp'(a)') _M.l_
R (o} o) . "‘-1 Xpt

(wl)’

2(ul)” R 0

which can be integrated numerically for any given line:shapea For the

line shape described by Eq. (A-T) and (A-8), the integrals (II-29) and

(A-16) can be calculated ekactly, and lead to the result (using also (A-10)

correction term (A-16) = i%* x leading term (II-29).(A-17)

Although EQS.(A-?) and (A-8) do not exactly describe the observed line
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shape, the result (A-17) gives a rough estimate of the order of magnifude
of the correction term.

It is to be noted that ﬁhis-term is always positive, whereas the
leading term is positive fof positive enhanceﬁent and negative for negétive
enhancemeht. Thus the correction term; whose origin is the appearance of
a nonnegligible reactive component of the tuned-circuit impedance at high
polariéationé, has 0pposi£e effecf for fhe two signs of enhancement: for
positive enhancement, it lowers thé valﬁe of the'polarization calculated
from the double integral (A-1l4) by sbout 1 part iﬁ 16; for negative
enhancement it raises P, by 1 part in 16. At thefmal ¢quilibyium; lot| << 3,
and the double integral (An-llk) suffices. |

There are, in addition to the expressions (A-11) through (A-13), a .
large numbér of other terﬁs which are down 1ﬁ magnitude by another
facfor Q or -—ﬁ%TT . .Their effect on the polarization calculatioq is
expected to be small compared with the uncertainty introduced by the 5%
measurement error of the thermal equilibrium signal. Changes in the
detection electronics as well és in calculétional techniques (e.g.,

calculation by computer) are needed if the accuracy of the polarization °

measurement is to be significantly improvede
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