® 3o ‘Z2d ‘uoyjezraetod 10309A 9yl SuruTWISISP I10J SpoyldW TeENSn IYj,
sanbruyoal WWN °Z
(rw-2) 006 3I®
uotioeax dz o3 pu ay3 Suysn paansesw sem 2Zd yotym uy Juswiiadxs uor3l
-BIQITED B JO S3ITNSa1 ayj a[dT3Iie STyl uf 3iodaix aM -uorlezyaerod iosuaj
3981e1 9yl jo juswaanseaw 31031TP B Sapraoad LKT9ATI093II3 (*w+D) 006 3B
uoyidoeax dz o3 pu 3yl uy 071 jo juswaanseam e 910J219Y], °*2IN3ILdI STYI
sey (*m*d) 406 38 uoridiosqe uord uy 071 ATuo ‘pu 031 ayqe[reAe sysuueyd
JuaI93ITP @Yl TTe uT soyqearsasqo uyrds ayqyssod ayl [ie 3jo -suoyidfpaad
Te°7319109Y] pue sys{Teue aAem Teriied WoiJ pauTwialap [Tam ST Jujod Ofjem
-aury STyl 3e 071 jJo anyea ayj ‘ge¢ UOTIDIS UT 998 TTRYS 9M SB ‘I3AIMOY
*PTTEA A123ewixoadde LTuo ST I NS91 S, usueySIN ‘Jjuswiiadxs 03 SIqIS
-S200® dWe13 3yl ST YOTUM ‘UOTIUSAUOD UOSTPEK 9yl Aq PSUTJSp dWelj aoUd
-19391 3yl uy -s3a81e3 paziaeiod 10sSual jJo uorleaqrIed 103 K3IFunizoddo
anbyun e Buypiaoad (*m*d) (06 IE UOTIOEII STY] Uf SNTBA 0IBZ-UOU ‘umouy
e 03 s9812auod 071 aamod BuyzATeue iosusl oyl (SwWe1j sdUaIajalx STY ut)
eyl paaiaasqo 3f °[z] usueysIN £q Ino pajujod 3Isaty sem (~m*2) 4,06
Je uorideax dz 03 pu ayl Jo jusmeinseaw e moxj A139911p 22d Sutureiqo
3o L37T1qT1ssod auy -paonpap oq ued ZZd yoyym woxy 3981e3 Byl jo (Zd)
uorlezriefod 1031052A jo junome oyl S9insesw anbruyosl WWN 2y onbruydei
¥WN Tensn aiom 3yl jo juapuadapuy (2%d) uorirezrierod iosuay 398ae] a3
Jo juduweinseswm 3221Fp B 9p1Acid pTnoMm YSTym 3ySnos sem poyism y -3a8i1e]
uo133Inap pazraeyjod 3yl UT PaAdTYOE UOTIezIieTod I0SUDI SYJ JO JUSWIINSEAW
24yl o3 pred sem uorjuslle 9yqeiaprsuoy -[1] uorzoesa Suyaaizess oyiseTo
pr 2y3 uy ‘0OT1 ‘1smod SuizATeue zosus3 2yl sinsesm 03 oWI3 3ISITJ 9yl 103

pako1dwo sem 31881e] uolaINAp pazyieTod I0SUY B CFHNTYL I® ATIuadey

uof3IoNporul °|

+8189000d-ND

op o5 co-rvr NNIRRRIANIRIN

(SpOY3lsK pue SjulaWNIISU] IEdTINN 03 pe33TUQNg)
»sonbjuyoal YWN woa3J pauteiqo 2d uoyjezraeyod 10309A Yl WOy
paleINOTED 1Byl YITM TT9M soai18e Z2d jo anTea Suyinsaa ayj °suoyridfpaad
1€°719109Yy] JUIISTSUOD pue STsATeue aAem Jerlaed woij pauTwmialap
119M ST YoTym (-w*d) o0 3Ie uoyIdeax dz o3 pr ay3l jo 0Ty iomod BuyzAyeue
10Sua3 9Y3l SIZTTTIN JuUSWIINSESW IY[ °*SWFI ISAITJI 9yl 103 ATId0ITp

paansesm Sem 319813 uoiaInap pazyaeyod e JO Z2d jusuwu8fTe 10SUd] IYL
3oev138qQYy

PuBT19Z31TMS ‘USBTTTTA #€TG-HD ‘NIS
znapnemy °*y°d
pue
VSN ‘10088 °W°N ‘sooni) se] ‘A£ITSIaATU[] 9IBIS ODTXI| MIN
2T4% *S°9
pue
Auemaan jo o>yrqnday Teiapag
‘aynastaey 00G/-d ‘@UYnasyaey 19eITSI3AU(
pun wnajuazsSunyosiojuaady
z3Tyosog *1°3 ‘uuemiallip ‘D
pue
ZV0 SHS ‘epeue) ‘uemayoileyses ‘eurlday ‘eurlay jo L3ysasatup
soToT *r°H ‘TAbeN -H-I*S ‘aTUlIEN °T1°d
pue
9VyZ 19A ®epeue) ‘°H°g ‘19Anoduep
‘eTqunTo) YSTITIg JO A3TSadATun ‘juamiaedsaq sOFsAyg
‘971211 *d*¥ ‘STPTISTAISL 4

‘IOTA3S °*W ‘uozoy °*W°Jd ‘sauor °H ‘uosuyor Yy

Jidy pue

A%
~ ;. &Wﬁ €VZ 194 e®Epeue) ‘:D-g ‘IaAnoduep ‘JWNTNUL
mm : mw USPTEM *d ‘ITEM ‘'O ‘TTOM2110 °Q
@ Amw.v ‘fo1e9H @ ‘TTIO *¥-d ‘TI2ufe@ *d ‘uITuUS *¥*O
107

1399V1 NOWAINAA QAZIAVIOL V A0
NOIIVZI¥VIOd NOSNAL FHI A0 INAWIUNSVAW IDTFIA
9861 3deg

08-98-dd-I¥L N%@N 0a




-3 -

polarized deuteron target involve measurements of the area and asymmetry
of the deuteron nuclear magnetic resonance (NMR) signal. Assuming that
the relative populations of the magnetic substates of the deuteron are
given by a Boltzmann distribution, and that the effects of the deuteron
quadrupole moment are negligible, the target tensor polarization is

related to the target vector polarization according to the expression

Pzz = 2- /4=3p . 1)

Both the above assumptions are generally considered reasonable. The
quadrupole interaction energy is characterized by the frequency 20 kHz,
whereas the deuteron Larmour frequency is 16.6 MHz.
2.1 NMR signal area

The magnitude of p, may be obtained from a measurement of the
deuteron NMR signal area by comparing the area of the thermal equilibrium
(TE) NMR signal to that of the dynamically polarized NMR signal. Typical
TE and dynamic NMR signals are shown in fig. 1. The TE polarization is
calculable from a knowledge of the temperature and magnetic field

according to

4tanh Awmmv

2 (Ui
3+tanh KT

pz(TE) = (2)

where p is the deuteron magnetic moment, and k is Boltzmann's constant.
For typical values of H (2.549 T) and T (0.750 K) the TE (vector) polari-
zation is 0.000791. Application of microwaves of 70.820 GHz dynamically
polarizes the target to values in excess of 0.3. The area of the
deuteron NMR signal is proportional to the amount of polarization, the

proportionality constant being determined from the TE measurement. This

technique relies on the gain of the NMR system being linear over the
range of amplification required for the TE and dynamically polarized
signals. A further requirement 1s that the background underneath the NMR
signal be well understood. Finally, the value of Pzz is deduced from Pz
using eq. (1).
2.2 NMR signal asymmetry

A second technique of obtaining Pz 1lnvolves a measurement of the NMR
signal asymmetry [3]. The interaction of the deuteron quadrupole moment
with the electric field in the C-D and 0-D molecular bonds has the effect
of shifting the energy levels by an amount which depends on the angle
between the magnetic field and the electric field of the bond. This
angular dependence smears out the resulting pair of transitions, one of
which is proportional to the intensity of the m=+l to O tramsition and
the other to the intensity of the m=0 to -1 transition. Therefore a
measurement of the NMR signal asymmetry provides a measure of the target
vector polarization. In practice this is accomplished by forming the
ratio R of the intensities of the two transitions, from which p, can be
obtained via vNuA~|w~v\AH+W+w~v. This technique has an advantage over
the area technique in that the difficult measurement of the tiny TE NMR
signal can be avoided. The former requirement of linear gain over a
large dynamical range (~103) in amplification is replaced by the require-
ment of frequency independent gain over the range of frequencies s panned
by the NMR signal. The background underneath the NMR signal must again
be known, however the influence of this background on the results is
different from that of the NMR signal area technique. Again, the value
of pz, is deduced from p, in this technique using eq. (1).

3. Direct measurement of P,
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regarding the high-order fixed amplitudes (which were fixed to theory)
than were used in ref. [7]. The fitting technique which we employed
incorporated calculations of the spin-dependent observable T90, using
the formalism of ref. [5], into the CERN Minuit system.

As 1s evident from fig. 2, the predicted value of Tpp at 145 MeV is
very close to the value |\Mw independent of whether one uses the
theoretical values of the partial wave amplitudes, or fitted ones (as
expected for energies near the value where the relative contribution of
the a, amplitude dominates). For lower energies, the predicted value
decreases due to the increasing role played by the other amplitudes, and
an increasing spread between the predictions of the different amplitude
sets develops. This spread demonstrates the increasing sensitivity to
the exact nature of the interference between these small amplitudes and
the larger a, amplitude.

It is interesting to note that over this energy range the amplitudes
of ref. [6] yleld values in better agreement with experiment than do
those of ref. [5]. Since none of the different unitary theories
currently available yield spin-dependent observables which are in agree-
ment with experiment, it is not surprising that the predictions for Ty0
arising from use of the various fitted PWA amplitude sets cluster more
closely to each other than do the theoretical predictions.

The fitting algorithms of ref. [7] are designed to yield a smooth
energy dependence. This is accomplished by incorporating systematic
errors in the experimental data when the amplitudes are fitted. Our
fitting routines, on the other hand, accept the experimental data as
published. The two techniques thus provide somewhat different values for

both Ty and ><<. reflecting the somewhat different values assumed for the

input data.

The value of Ty at 90° from three sets of fitting procedures
yielded values between -1.248 and -1.256 for the energy of this experi-
ment (80 MeV). However, since the system accepted a range of 2.5° in
polar angle (c.m.) about 900, the variation of Ty¢ over this angular
range had to be considered. This results in a decrease in the magnitude
of the value of Tzg by 0.015.

Allowing for possible systematic errors in the existing mv»:l.
dependent observables, a value of T20 = -1.28 * 0.03 at 80 MeV (450 MeV
for the time-reversed p+ p+ d + n reaction) is considered a reasonable
estimate on the basis of the results illustrated in fig. (2). 1t is
noted that this value is in good agreement with the value extracted from
the Ayy data (given earlier), as expected since this ><v~ data was
included in the data set employed in the partial wave fitting routine.
Since the partial wave technique fits all the experimental data at a
given energy in a global fashion, it should be expected that the
extracted value for Ty should be somewhat more accurately determined by
this technique than that based on a single observable (the ><w
technique).

4. Experimental Arrangement
4.1 Polarized deuteron target.

The polarized deuteron target consisted of a mixture of 95% fully
deuterated N-butyl alcohol and 5% D,0 into which EHBA-(CrV) was dissolved
to a molecular density of 6 x 10'9/ml. This material was in the form of
frozen 1 mm diameter beads contained in a thin walled teflon basket
measuring 16 x 16 x 5 mm3. The basket was immersed in a mixture of

3He/*He in the mixing chamber of a dilution refrigerator and was oriented
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of the coincidence S1*S2*R1*R2*L1*L2.
4.3 Analysis of nd to 2p results.

At the bombarding energy and c.m. angle of interest, a significant
background from quasi-free pion absorption on 12C was present. There-
fore, explicit measurements of the background associated with the
polarized target were made by replacing the polarized deuteron target
material (C,Dg0OD) with non-deuterated material Aocmwomv. This choice of
background target is ideal, since it has the same form (1 mm diameter
spheres) as the foreground target, and consists of the same nuclei except
for the substitution of Hydrogen, from which absorption events do not
arise. By subtracting the appropriately normalized background data from
the foreground data, it was possible to study absorption events arising
solely from the polarized (and unpolarized) deuterons in the target.

Two methods of data analysis were pursued. One method consisted of
examining histograms of the vertical coplanarity of the reaction as
calculated from the data provided by the four vertical wire chamber
planes. Typical foreground, background, and background subtracted
histograms of the coplanarity are shown in fig. 4. From this figure, it
is clear that the absorption events from heavier nuclei, broadened due to
the ensuing three-body final state, are removed by the background
subtraction. The yield of absorption events from deuterium was obtained
by integrating the background subtracted coplanarity histograms over the
central peak.

A second independent method of obtaining the nd to 2p yield was also
used. This method consisted of examining the TOF spectra from the
scintillators, and was thus independent of possible systematic errors

introduced by the wire chamber efficiencies, etc. A typical spectrum of

the TOF difference between scintillators L2 and R2 is shown in fig. 5.
Again, explicit measurements of the background were used to eliminate all
contributions to the yield except those arising from the deuterium in the
target.

5. Results

A total of 10,000 nd to 2p events were recorded for each state of
target polarization (on or off). The result of the coplanarity analysis
(assuming a value of |H.Nwwo.ou for Typ as mentioned earlier) was
Pz2=0.098£0.024. The result of the TOF analysis was consistent with this
value, namely p,,=0.10£0.022. The rather large uncertainties associated
with these results arise from the statistical uncertainty of the measured
cross sections after background subtraction, coupled with the small
magnitude of target tensor polarization achieved.

These results may be compared to the values of pzz obtained
indirectly from the analysis of the deuteron NMR signals acquired at the
same time the nd to 2p data were obtained. The result of the NMR signal
area analysis was p;,=0.083t0.008, and the result of the NMR signal
asymmetry analysis was p,,=0.095+0.008. These results are in good agree-
ment within the quoted uncertainties with those obtained via the
measurement of the nd to 2p reaction. The results are summarized in
table 1.

5.1 Results for rf burned target.

Although the independent measurement of the deuteron target tensor
polarization described above was the primary objective of this experi-
ment, a further investigation was performed with a "burned” deuteron
target. The burning process [9] consists of irradiating the target with

rf over a narrow range of frequencies, effectively "burning” away a
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[8] G.D. Wait et al., Contributed paper to the International Workshop on
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Polarized Sources and Targets, Montana, Jan. 13, 1986.

[9] W. de Boer, CERN report 'Dynamic Orientation of Nuclei at Low

Temperatures', May 13, 1974.

Table I. The results of the nd to 2p measurements of Pzz are tabulated

for each of the analysis techniques used.

Pzz from pzz from
TOF coplanarity

B(target) RF-burned analysis analysis
2.50T No 0.101 * 0.022 0.098 + 0.024
2.50T Yes 0.109 + 0.026 0.113 = 0.029
2.50T Yes 0.073 + 0.029 0.082 + 0.031
1.25T Yes 0.135 + 0.032 0.134 + 0.035
average (rf-burned) 0.104 + 0.017 0.108 + 0.018
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Figure Captions

Fig. 1

Fig. 3

Fig. 4

Fig. 5

Typical TE (a) and dynamically polarized (b) NMR spectra are
shown. The value of TE polarization was 0.005, and the value
of the dynamic polarization was 0.36.

The tensor analyzing power T20 in the nd to 2p reaction at

90° (co.m.) is plotted on the vertical axis vs incident

proton (pion) energy on the lower (upper) horizontal axis.

The energy dependence of the phase shift solutions is shown in
the solid curves (this work) and the dotted curves (ref. [7]).
The results of predictions based on Faddeev calculations is
shown as dashed (ref. [6]) and dash-dot (ref. [5]) curves.
The single point at T;=80 MeV corresponds to the value of Ta0
deduced from existing >w< data according to eq. 5 (ref. [4]).
The experimental layout is shown, with the pion beam incident
from the top. The meaning of the various detectors is
explained in the text.

Typical spectra of the vertical coplanarity are shown as
measured with the polarized deuteron target (a), and the
background target (b). The resulting background subtracted
spectrum is shown in (c).

A typical spectrum of the TOF difference between scintillators

12 and R2 is shown.
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