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Tensor analyzing powers in 4He(d,d) 4He elastic 

scattering between 17 and 45 MeV 

* 
E. J. Stephenson, H. E. Conzett, R. M. Larimer, B. T. Leemann, 

R. Roy, •1- and P. von Rossen 

Lawrence Berkeley Laboratory, Berkeley, CA 94720 

ABSTRACT 

Angular distribution measurements were made of the 

differential cross section do/dQ and the tensor analyzing powers 

A and A in d-a elastic scattering between deuteron beam energies 
yy 	xx 

of 17 and 45 MeV. The analyzing powers are large over this energy 

range and suitable for use as a secondary polarization standard. 

The use of rapid spin flip on the polarized ion source appreciably 

reduced experimental errors. 

[ NUCLEAR REACTIONS 4He(d,d) 4He elastic scattering, Ed = 17 - 45 

L 14eV; measured dci/d2, tensor analyzing powers Ayy  and 
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I. INTRODUCTION 

Extensive and precise measurements have been made of the analyzing 

powers in d-a elastic scattering at tandem energies. The first such experiments 13  

involved double scattering to observe the corresponding polarization moments. Since 

then, both the vector 
4-7  and all tensor 

8-11 analyzing powers have been measured 

with polarized deuteron beams. In an effort to completely determine the 

scattering matrix, an additional 14 polarization transfer coefficients have 

also been observed. 12  Only the measurements of Ref. 8 are inconsistent with 

other work, being low by about a factor of two. Recently experiments have 

begun to extend the energy range of these measurements up to 45 MeV. 13 

The analyzing power measurements have been used primarily in phase 

14-17 	 14 
shift analyses. 6, 
	With even the earliest efforts, 	it was clear that 

analyzing power measurements were needed in addition to cross section data 

to remove ambiguities in the phase shifts. The energy dependence of the 

derived phase shifts then confirmed 14  the presence of the 2+  and  1+  T = 0 states in 

6Li near 5 MeV. As the extent and precision of measurements improved, they 

served both as a testing ground for previous analyses, and as input to other 

sorts of model calculations. 18  

Throughout this energy region, the analyzing powers are large and 

vary smoothly with energy, making d-c elastic scattering attractive as a 

polarization analyzer. The analyzing power was first calibrated absolutely 

in a comparison with the 6O(d,c 1 ) 4N reaction, whose analyzing powers are 

14 
constrained by the 0+  spin and parity of the N final state) 9 ' 20  In 

addition, there are energies and angles where the analyzing power A 	1.
Yy 

This possibility, first noted in Ref. 10, was later confirmed on the basis 

of a phase shift analysis. 21  Thus d-c elastic scattering is useful both 

as a primary as well as a secondary polarization standard. 

11 

'4 
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For experiments with tensor polarized deuteron beams at energies 

up to 50 Hey, a polarization standard is clearly needed. Besides having 

large analyzing powers that vary slowly with energy, the d-c* elastic scattering 

system is an attractive analyzer because of its large cross section and the ease 

with which the scattered particles can be observed. Complete angular 

distribution measurements are useful for phase shift analysis, although the 

increased influence of absorption at higher energies makes the study of more 

resonances in 6Li seem unlikely. 17  It would also prove fortunate if additional 

absolute calibration points could be found. 

In this paper, we report angular distribution measurements of the 

tensor analyzing powers A and A between 17 and 45 MeV, and at center-of-
- 	 yy 	xx 

mass angles from 30 °  to 160 ° . Angular distributions were measured at 17 NeV 

to compare with existing measurements, 19 ' 11  and the calibration of the 

polarimeter adjusted to give agreement at this energy. The differential cross 

section was measured along with the analyzing powers. The energies in this 

experiment overlap with the disputed measurements of Ref. 8. After the survey 

of d-c scattering was completed, selected points with extreme values of the 

tensor analyzing power were remeasured with greater precision using a recently 

completed rapid spin flip scheme for the polarized ion source. The measurements 

presented here complement the vector analyzing power angular distributions 

presented in Ref. 22. 

II. EXPERIMENTAL TECHNIQUES 

23 
The polarized ion beam was generated in an atomic beam source. 	The 

principles of operation are reviewed in Ref. 24. The beam quantization 

0 
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axis is constrained to be parallel to the cyclotron main field or perpendicular 

to the beam direction, and the analyzing powers measured are most 

25,26 	

conveniently 

expressed in Cartesian tensors. 	Two tensor analyzing power measurements 

are possible. One, in which the quantization axis is perpendicular to the 

26 
scattering plane, yields polarized cross sections given by 

aa 11+pA + - p A 
o 	2 yy.2 yyyy) 

The other, in which the quantization axis lies in the scattering plane, yields 

aao(l+PxxAxx ). 
	 (2) 

The notation for beam polarization (p) and analyzing power (A) follow the 

Madison Convention. 
25

These two cases were measured in separate experiments, 

between which the scattering chamber was rotated about the 

beam line. 

In normal operation, the intermediate field rf transition on the 

polarized ion source is used to produce a tensor polarized beam with a vector 

polarized component of about 1/3 the magnitude of the tensor component. All 

of the d-a angular distributions were measured by comparing counting rates 

with this transition on and off (Method I). Later the ion source was modified 

to allow the weak field and intermediate field rf oscillators to be turned 

on and off under remote control. Magnetic shielding was added to isolate the 

two rf regions. When the weak field transition is added, the signs of the 

tensor and vector beam moments reverse. 2  Some d-c measurements were 

repeated by comparing the counting rates with positive and negative tensor 

moments and with unpolarized beam (Method II). The second method provides 

greater efficiency in measuring the tensor analyzing powers, and rapid cycling 

(1) 
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through the three polarization states greatly reduces the systematic errors 

from slow variations in beam optics and electronic signal processing. 

This experiment was conducted with two scattering chambers in 

series along the beam line. The first, equipped with remotely adjustable 

detector arms, was used to measure the angular distributions. The beam was 

recollimated into the second scattering chamber or polarimeter,where deuteron 

scattering from 4He was used as an analyzer to measure the beam polarization. 

In both scattering chambers, detectors were placed symmetrically on either 

side of the beam. 

For method I, the tensor polarization of the beam was negative. 

The polarized and unpolarized beams were run for the same integrated 

current in a Faraday cup following the polarimeter. The beam on target 

in the main scattering chamber was measured by two monitor detectors located 

at 210  to the beam axis. In terms of the beam polarizations p and p, the 

analyzing powers were calculated from 

A=_L ["0 (i±+f) 2] 	 (3) 

and 

= No (L_!\ 
y 3pM t\  COL COR) 	

(4) 

The sum of the counts in the monitor detectors for each run is given by M_ 

and M0 . The elastic scattering events recorded in the detectors in either 

the polarimeter or scattering chamber are given by C, with + and 0 denoting 

polarization states and L and R denoting sides of the beam. Equations (3) 
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and (4) were used for the beam polarization as well by exchanging p and A 

and setting M0/M_ = 1. The analyzing power at the monitor detector position 

was measured in a separate run with a Faraday cup immediately after the 

scattering chamber to normalize the beam current. Because the collimators 

preceeding the polarimeter accepted only about 20% of the beam, the 
w 

polarization was usually determinel with less precision than could be 

obtained for the analyzing powers in the main scattering chamber. So the 

polarizations for successive runs were fit to a straight line, and the straight 

line value for a given run used for the beam polarization in that run. Beam 

polarizations for the runs to measure monitor detector analyzing power were 

taken from the straight line value. Angular distributions computed with 

beam polarizations from the linear fit were generally smoother than distribu-

tions computed using individual polarization measurements. 

Experimelits conducted with method II proceeded in a similar fashion, 

except that a positively polarized tensor beam was added, and the rapid spin 

flip eliminated the need for monitor detectors in the main scattering chamber. 

The polarization state of the beam was changed every time a predetermined 

amount of charge was collected in the polarimeter Faraday cup, usually about 

once a second. The possibility exists that the magnitude of the polarization 

was not the same in the two polarized states, so it is useful to define 

quantities for the average and difference 
fl 

pyy  = [Pyy(+) - Pyy(_)] 
	

(5) 

pyy  = 	 + Pyy(_)] 
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where p(±) refer to the positive and negative beam moments. Similar 
yy 

quantities can be defined for the vector beam moment. In terms of the 

polarimeter analyzing powers and the number of events recorded, the beam 

moments become 

Pyy = 2A (Q + Q;) 

Pyy = 
	

( + Q - 4) 

(6) 

'. =; (i-Q) 

'Ap1 (Q++
y

6A 	L QR 

where 

C +C ± - +L 	-L 
- 	C..r 

C 
± 	C +R 	-R 

QR - 	COR 

The number of events, C, per detector per spin direction is defined similarly 

to method I. Using these moments (or a linear fit to them), the analyzing 

powers measured in the main scattering chamber are given by 

Ayy =1 [RLRRPy (_) + p(+) - (RL + RR)PY] 	 (7) 

A = - [RL - RR] Pyy 	
(8) 

where 
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RL = C+L/CL 

RR = C+R/CR 

D = RLRRPYY(_)Py(_) + 

(RL 
 + R R) (' Pyy'py - pyypy)' 

The measurement of the tensor analyzing power A  uses the same xx 

formulas [Eqs. (3) and (7)] as A. Since the polarimeter does not rotate 

about the beam axis with the scattering chamber, the p moment measured in 
yy 

the polarimeter is assumed to be the same as the p moment in the scattering
xx  

chamber. The tilt of the main chamber scattering plane is known to within 

1/4 ° . Values of A obtaIned from Eqs. (4) and (8) should be zero if parity 

is conserved, and serve asa useful check on the internal consistency of the 

measurements. 

Relative errors in the measured analyzing powers were computed by 

propagating the errors in the initial quantities through the method I and II 

formulas. For each angular distribution, the analyzing power of the polarimeter 

acts as a scale factor, and that error was taken to be zero. Relatively little back-

ground was subtracted from the particle spectra, so the error in the count rate was 

assumed to be equal to the square roàt of the number of counts. The integrators of beam 

current were checked and found to have an error of about 0.25%, which was 

included in the analysis of beam polarization. The error in the beam 

polarization was taken to be the rms deviation of the individual measurements 

about the line divided by the square root of the number of measurements. The 

error in the absolute calibration will be discussed later. 
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The calibration of the polarimeter was adjusted so that the A yy 

angular distribution measured at 17 MeV matched the results of Ohisen, et al? 0  

in the range o 	= 900 - 120 ° . Ohisen's measurements were normalized by 

the quench ratio method, 27  and are accurate to about 2%. New measurements 

by Brown, et al. 
11

do not substantially change the value of the calibration. 

The calibrated polarimeter was used at higher beam energies by degrading 

the beam energy between the two scattering chambers in an aluminum absorber. 

To ininimizebeatn losses from multiple scattering ahead of the polarimeter, 

new calibration points were established at 25 and 35 MeV based on measurements 

with the polarimeter operating at lower energy. The average energy of the 

beam in the scattering chamber and polarimeter for each angular distribution 

is given in Table 1. The beam energy of the cyclotron is known from 

magnetic analysis 
28 to better than 1/2%. 

Differential cross sections were computcd from the counting rates 

measured with an unpolarized beam. The geometry of the gas cell was included 

by using Eq. (22) of Ref. 29. An absolute normalization of the beam current 

was obtained when the Faraday cup was placed between the scattering chamber 

and the polarimeter to calibrate the monitor detectors. The results from 

all detectors at the same angle were averaged. 

The incident and scattered beams were collimated using tantalum 

slits. The beam at the entrance to the scattering chamber was collimated 

to 0.3 cm wide and 0.6 cm high about 40 cm ahead of the 7.6 cm diameter 

gas cell. The beam was recollimated after the aluminum absorber at the 

entrance to the polarimeter by a 1 cm diameter circular aperture. The scattering 

chamber and polaritneter slits were rectangular, with dimensions given in 

Table 2. The polarimeter scattering angle as a function of energy is given 
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in Table I. Geometric corrections to A following the arguments of Ref. 29
yy 

were made for the polarimeter, and amounted to 0.2% at 17 MeV, 0.5% at 25 MeV, 

and 2.2% at 35 MeV. The corrections were expected to be smaller for the 

scattering chamber measurements and were neglected. 

Scattered particles were detected in silicon detector telescopes. 

The signals from the front and back detectors were separated by particle type 

in an analog particle identification circuit. 30  Pulse height spectra of 

deuteron or a-particle events were stored in an on-line computer 

for later analysis. A pulser creating deuteron or a-particle-like events 

at higher energy was used to measure the dead time. Background was subtracted 

from the pulse height spectra when appropriate. 

III. RESULTS 

The average value of the beam polarization was relatively constant 

for one beam energy, but varied with changing beam energy over the range 

Pyy = 0.74 - 0.94. These values did not reproduce when energy settings were 

repeated. The errors, computed from the dviation of the points from a linear 

fit, varied from 0.008 to 0.037 for method I and from 0.006 to 0.009 for 

method II. The improvement with method II results from the factor of two 

increase in the cross section change observed in a run and the elimination 

of errors from slow systematic changes by rapid spin flip. 

24 
If the rf transitions worked perfectly, 	then the beam moments 

defined in Eq. (5) would satisfy Pyy*"Py = R = 3 and tPyy = 1Py = 0. The 

polarizations obtained in method II differed substantially from this prediction. 

The ratio R varied from 2.49 to 2.79 and Ap varied from 0.042 to 0.052. 
y 

This behavior can be understood if the intermediate field transition is 
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incomplete. The tensor polarization p is reduced, p remains the same, 

and tp increases, so that 

'yyR = 	= 3(1 - 3 Lp) 	 (9) 

This formula is consistent with the measurements. For the spin state with the 

intermediate field rf transition operating alone, R = 3. The non-zero value 

of Ap makes a significant contribution to the final values of A and A 
y 	 yy 	y 

calculated frOtnEqs. (7) and (8). 

Final angular distributions of differential cross section and the 

analyzing powers A and A are presented in Tables 3 - 9 and Figs. 1 - 3. 

Points marked with an asterisk were taken with method II. Where more than 

one measurement existed at a given angle, the results were averaged. In 

the case of the analyzing powers, the average was weighted by the reciprocal 

of the square of the error. With method I, the ratio of the monitor detector 

counts in the polarized and unpolarized runs varied by a few percent from run 

to run. These fluctuations represented real changes in the beam current on 

target, since the analyzing power angular distributions were noticably less 

smooth when monitor corrections were not made. With the rapid spin flip of 

method II, these ratios were constant from run to run within the statistical 

error. Occasional analyzing power points were discarded if some consistency 

condition, such as the monitor ratio or the value of A, fell many standard 

deviations outside its normal range. 

The analyzing power errors given in Tables 3-9 are statistical. 

They contain contributions from the polarimeter and monitor detectors as 

well as the number of events detected, and are reasonable estimates of the 
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relative error in each angular distribution. The absolute error is more 

difficult to determine, in part because of uncertainties in matching the 

measurements of Ref s. 10. and 11 to our results.Originally, our results were 

scaled to agree best to A from Ref. lObetween 0 	= 900 and 1200, excluding 
yy 	 C.M. 

our point at 115 ° . The work of Ref. 11 has somewhat better statistics, and 

does not suggest any significant shift, even though the trend of the measure-

ments in this regiofi is somewhat different. The calibration error is given 

as 2% (0.012 at 110 ° ) in Ref.10 and 1.5% (0.009) in Ref. 11. The calibration 

error increases as the polarimeter is stepped up in energy. For measurements 

above 17 MeV we add 1.3% for statistics and 0.3% for systematic errors. The 

systematic errors include estimates for the effect of ,  errors 'in the beam 

energy, aluminum degrader, energy loss, geometric corrections in the 

polarimeter, and the setting of the detector arm angles. Above 25 MeV 

we add 1.2% for statistics and 1.2% for systematic errors. The increased 

systematic errors arise from the effect of a steeper energy dependence in 

the A analyzing power on the uncertainties in the beam energy in the first
yy  

and second scattering chambers. Above 35 MeV we again add1.2% for 

statistics and 1.2% for systematic errors. Assuming an original calibration 

error of 2% (in part to cover uncertainties in matching 17 MeV angular distribu-

tions), the scale error in our analyzing power measurements rises to 2.4% 

above 17 MeV, 2.9% above 25 NeV, and 3.4% above 35 MeV. 

For the differential cross section, the systematic errors were 

usually greater than the statistical errors. These errors contained contribu-

tions from detector arm angle settings, beam steering, particle identification 

windows, and spectral peak summing methods. Since there were usually at 

least four measurements (from both A yy 	XX 
and A angular distributions) at 
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each arm angle, the scatter in the measured values was examined, and found 

to be less than 2% in almost all cases. Since the scatter varied considerably 

from point to point, no relative error is included in Tables 3 - 9. The 

absolute normalization has additional uncertainties from event counting 

techniques (3%), monitor detector calibration (2%), gas cell pressure (2%), 

and feometric corrections (1%), and is probably less than 5%. 

The differential cross section was normalized absolutely by 

comparing the count rate directly to the beam current. Our measurements 

agree to within 10% with other measurements at these energies.3135  There 

is no systematic trend in the discrepancies. In some cases, the quality of 

agreement varies with angle. 

In general, our tensor analyzing power results agree with those 

of Ref.lO near 0 	= 
C.M. 	 yy 	xx 

1100 for both A andA . The more recent remeasure- 

ment of Ref.11 reduces the discrepancies between the two data sets, especially 

for forward and backward angle measurements of 	A few points still
xx  

disagree more than statistics would indicate, suggesting that there are 

systematic errors beyond those quoted in either reference or this paper. 

The forward and backward A. values are still more negative in Ref. II than 
xx 

in our results. At. 20 MeV, our measurements follow the trend of Ref. 8, 

but are about a factor of two larger in magnitude, as was pointed out for 

17 MeV in Ref. 10. Measurements of A 
y 	 yy 
made simultaneously with A agree well 

with those of Ref. 22. The calibration at 17 MeV was successfully compared 

21  
to similar measurements1°  at 14 MeV, and to the A yy = 1 point near 12 MeV 

and 370 Because of the small cross section near 12 14eV, the statistical 

precision of the comparison to the absolute calibration point was limited 

to 7%, much less precise than the calibration values used at 17 14eV. 
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The tensor analyzing powers are large throughout the energy region 

from 17 to 45 MeV, especially near 35 MeV where A approaches 1. If this
yy  

back angle maximum in A is observed by detecting the recoil ct-particles,
yy  

then the beam polarization can be measured with greater efficiency for 

the same geometry as compared to observing the deuterons elastically scattered 

near 0 	= 1100. 
c.m. 

In Ref. 36, it was pointed out that near Ed = 28.6 MeV and 

= 155 ° , a possible value of A = 1 exists. If this is true, then 

A yy 	
37 1 also. 	Since the measurements of A 

yy 
 presented here vary smoothly 

with energy and differ substantially from 1 at 25 and 30 MeV, the possibility 

of an A = 1 point is ruled out. Nevertheless, the values of A are close 
y 	 y 

to 1, and may provide a useful calibration point for vector polarized beams., 

Using the measured values of A , a limit may be set on A based on the rule 37 : 
yy 	 y 

IfA
yy 	 y 

1-3,thenA 	l - fl. 

With an interpolated value of A = 0.79 (E = 28.6 MeV, 0 	= 155 ° ), A ~ 0.93. 
yy 	d 	 CM 	 y 

A similar result has been reported elsewhere. 38  Subsequent to the publication 

of Ref. 36, the calibration was repeated, and the maximum value of A was 

reduced. The new values22  are consistent with the limits given here. 

IV. CONCLUSIONS 

In this paper, we reported angular distribution measurements of 

the differential cross section and tensor analyzing powers A and A in 
yy 	xx 

d-ct elastic scattering from 17 to 45 MeV. Along with the vector analyzing 

power measurements, these results should prove useful in extending earlier 

phase shift calculations to higher energy. The rapid spin flip sequence 

used in method II proved to be a significant improvement over method I 
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in both efficiency and precision. This method also revealed a departure 

from the 1/3 value of 	indicating that the intermediate field rf 

transition on the polarized ion source is only 80 to.90% efficient. 

The tensor analyzing powers were found to be large at all energies, 

with Ayy  values at 35 MeV approaching unity. Thus d-ct elastic scattering 

can verve as an analyzer for tensor polarized deuterons throughout this 

energy range. Because of the large backward angle values of A, apolarimeter 

based upon detecting recoil a-particles should be strongly considered at 

higher energies. There are significant contributions to the absolute uncer-

tainty of the tensor analyzing powers from the original calibration and the 

machine and degraded beam energies as well as counting statistics. It is 

doubtful that large improvements can be made in the precision of the 

measurements without better calibration values and a more detailed knowledge 

of the experimental conditions. 

This work was performed under the auspices of the Nuclear Sciences 

Division of the U.S. Department of Energy under contract No. W-7405-ENG-48. 
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Table I. Average beam energies in scattering chamber and 

polarimeter and polariineter lab scattering angle. 

E 
scat pol 

0 
pOl 

17.0 16.5 800 

19.7 16.7 800 

24.9 16.8 80 0  

29.9 24.9 85 °  

35.0 25.0 85 0  

40.1 35.1 85 0  

45.2 35.1 85 0  
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Table 2. Nominalslit geometry in scattering chamber and polarimeter. 

Location Observed Angular Front Back Back 
R& h' Particle Range Width Width Height 

(cm) (cm) (cm) (cm) (cm) 

Scattering chamber a 100 - 350 0.25 0.25 0.4 26.9 15.4 

Scattering chamber d 20 0  - 70 0  0.35 0.35 0.4 26.9 15.4 

Scattering chamber d 600 - 90 0  0.4 0.4 0.4 26.9 15.4 

Polarimeter d 80 0  - 85 0  0.4 0.4 0.4 15.9 8.9 

aR is gas cell to back slit distance. 

b  h is front to back slit distance. 
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Table 3. Cross sections and tensor analyzing powers, Ed = 17.0 MeV. 

0 
M. 	

da/d1(mb/sr) 
c.. 

30.0 170 0.055 ± 0.010 -0.062 ± 0.016 

33.7 113 0.102 ± 0.009 -0.072 ± 0.016 

37.3 .70.7 0.124 ± 0.010 -0.109 ± 0.015 

41.0 42.9 0.160 ± 0.011 -0.146 ± 0.016 

44.7 26.0 -0.130 ± 0.017 

48.3 16.5 0.220 ± 0.014 -0.112 ± 0.018 

51.9 12.3 0.188 ± 0.014 -0.011 ± 0.019 

55.4 12.0 0.133 ± 0.015 0.062 ± 0.018 

59.0 13.4 0.057 ± 0.010 0.079 ± 0.011 

65.9 19.0 -0.144 ± 0.014 0.127 ± 0.013 

72.8 25.6 -0.224 ± 0.014 0.174 ± 0.016 

79.5 31.3 -0.329 ± 0.015 0.210 ± 0.016 

86.0 35.8 -0.423 ± 0.010 0.292 ± 0.009 

92.2 38.8 -0.527 ± 0.011 0.348 ± 0.010 

98.3 39.7 -0.579 ± 0.012 0.380 ± 0.012 

104.2 37.2 -0.615 ± 0.017 0.371 ± 0.016 

109.8 33.6 -0.619 ± 0.015 0.363 ± 0.017 

115.2 28.6 -0.641 ± 0.019 0.361 ± 0.018 

120.2 23.8 -0.540 ± 0.012 0.288 ±0;012 

125.0 19.4 -0.450 ± 0.015 0.152 ± 0.015 

130.0 16.0 -0.192 ± 0.013 -0.049 ± 0.017 

135.0 14.5 0.131 .± 0.012 -0.288 ± 0.019 

A 
yy 
	 xx 
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Table 3 (cont'd,) 

B dcr/dsl A A c.In. yy xx 

140.0 15.0 -0.428 ± 0.021 

145.0 16.9 0.438 ± 0.013 -0.470 ±0.021 

150.0 20.5 0.393 ± 0.011 -0.374 ± 0.019 

155.0 25.3 0.286 ± 0.010 -0.264 ± 0.018 

160.0 30.2 0.161 ± 0.011 -0.170 ± 0.018 

V 
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Table 4. Cross sections and tensor analyzing powers, Ed = 19.7 MeV 

0 da/dc2(mb/sr) A A 
C. M. yy xx 

30.0 177 0.051 ± 0.025 -0.062 ± 0.019 

33.7 120 0.092 ± 0.022 -0.128 ± 0.018 

37.4 66.6 0.109 ± 0.022 -0.071 ± 0.016 

41.0 40.2 0.103 ± 0.024 -0.127 ± 0.017 

44.7 24.9 0.102 ± 0.021 -0.113 ± 0.018 

48.3 19.1 0.069 ± 0.025 -0.133 ± 0.019 

51.9 17.0 -0.040 ± 0.027 0.041 ± 0.019 

55.4 18.1 -0.041 ± 0.027 0.093 ± 0.018 

59.0 19.8 -0.132 ± 0.019 0.116 ± 0.013 

66.0 24.0 -0.138 ± 0.027 0.126 ± 0.018 

72.8 26.7 -0.118 ± 0.027 0.154 ± 0.018 

79.5 28.5 -0.259 ± 0.029 0.209 ± 0.018 

86.0 30.2 -0.390 ± 0.022 0.281 ± 0.012 

92.3 30.3 -0.462 ± 0.024 0.328 ± 0.012 

98.4 32.4 -0.524 ± 0.032 0.396 ± 0.013 

104.2 30.5 -0.547 ± 0.012 0.420 ± 0.018 

109.8 27.5 -0.607 ± 0.034 0.388 ± 0.018 

115.2 23.9 -0.576 ± 0.015 0.325 ± 0.019 

120.2 19.3 -0.525 ± 0.032 0.268 ± 0.013 

125.0 15.7 -0.380 ± 0.030 0.115 ± 0.017 

130.0 12.8 -0.121 ± 0.027 -0.110 ± 0.020 

135.0 11.6 0.208 ± 0.024 -0.324 ± 0.022 
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Table 4 (cont'd'.) 

0 
C.M. 

dc/d(mb/sr) A yy 
A xx 

140.0 11.1 0.437 ± 0.021 -0.409 ± 0.024 

145.0 12.8 0.518 ± 0.024 -0.464 ± 0.023 

150.0 14.9 0.470 ± 0.023 -0.406 ± 0.021 

155.0 20.2 0.357 ± 0.022 -0.248 ± 0.021 

160.0 22.1 0.228 ± 0.025 -0.128 ± 0.021 
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Table 5. Cross sections and tensor analyzing powers, Ed = 24.9MeV. 

0 c.m. 
da/d~2(mb/sr) A 

yy 
A 

XX 

30.0 171 0.108 ± 0.018 -0.114 ± 0.022 

33.7 106 0.156 ± 0.018 -0.159 ± 0.023 

37.4 63.3 -0.168 ± 0.023 

41.0 39.5 0.074 ± 0.018 -0.160 ± 0.024 

44.7 28.2 0.016 ± 0.019 -0.103 ± 0.012 

48.3 25.0 -0.147 ± 0.020 0.031 ± 0.023 

51.9 25.8 -0.214 ± 0.021 0.105 ± 0.023 

55.5 27.9 -0.245 ± 0.022 0.145 ± 0.023 

59.0 29.9 -0.212 ± 0.021 0.137 ± 0.022 

62.5 30.5 -0.208 ± 0.021 

66.0 30.1 -0.164 ± 0.015 

72.8 26.2 -0.131 ± 0.021 

79.5 22.4 -0.140 ± 0.023 

86.0 20.5 -0.215 ± 0.020 

92.3 20.0 -0.325 ± 0.018 

94.9 0.354 ± 0.009* 

98.4 20.0 -0.447 ± 0.027 

99.9 -0.477 ± 0.008* 0.386 ± 0.008* 

104.2 19.0 -0.571 ± 0.029 

104.9 -0.562 ± 0.008* 0.388 ± 0.008* 

109.9 17.5 -0.619 ± 0.008* 0.392 ± 0.008* 

115.1 15.2 -0.631 ± 0.008* 
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Table 5 (cont'd.) 

0 
C.M. 

da/dQ(mb/sr) 
. 

A 
yy 

A xx 

119.9. 12.7 -0.583 ± 0.008* 0.257 ± 0.023 

124.9 10.5 -0.398 ± 0.026 0.127 ± 0.023 

129.9 . 	 8.83 -0.068± 0.022 -0.120.± 0.027 

134.9 8.14 0.310 ± 0.020 -0.337 ± 0.009* 

140.0 8.26 0.605 ± 0.008*. -0.511 ± 0.008* 

145.0 8.94 0.744 ± 0.008* -0.512 ± 0.008* 

150.0 9.94 0.753 ± 0.009* -0.449 ± 0.008* 

155.0 11.0 0.652 ± 0.009* -0.275 ± 0.027 

160.0 12.3 0.537 ± 0.008* -0.129± 0.023 
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Table 6. Cross sections and tensor analyzing powers, Ed = 29.9 MeV. 

0c.m. 	
dc5/dg(rnb/sr) 	 A 

30.0 168 0.144 ± 0.016 -0.157  

33.7 100 0.166 ± 0.015 -0.177 ± 0.014 

37.4 58.6 0.178 ± 0.014 -0.222 ± 0.014 

41.1 37.1 0.120 ± 0.015 -0.152 ± 0.014 

44.7 29.6 -0.036 ± 0.017 -0.063 ± 0.014 

48.3 29.5 -0.178 ± 0.017 0.063 ± 0.014 

51.9 32.5 -0.258 ±0.018 0.131 ± 0.013 

55.5 35.2 -0,256 ± 0.018 0.119 ± 0.013 

59.0 36.4 -0.244 ± 0.018 0.132 ± 0.012 

62.6 356 -0.235 ± 0.018 0.132 ± 0.012 

66.0 .32.9 -0.195 ±0.012 0.113 ± 0.008 

72.9 25.0 -0.133 .± 0.018 0.098 ± 0.012 

79.5 17.6 -0.129 ± 0.019 0.162 ± 0.013 

86.0 13.7 0.102 ± 0.017 0.312 ± 0.015 

92.3 11.9 -0.250 ± 0.016 0.398 ± 0.010 

98.4 11.7 -0.381 ± 0.023 0.447 ± 0.014 

104.3 11.4 -0.502 ± 0.025 0.430 ± 0.014 

109.9 10.8 -0.621 ± 0.018 0.421 ± 0.010 

115.1 9.46 -0.715 ± 0.020 0.362 ± 0.011 

120.2 8.05 -0.656 ± 0.026 0.298 ± 0.011 

124.9 7.00 -0.421 ± 0.023 0.135 ± 0.018 

129.9 6.38 -0.050 ± 0.018 -0.049 ± 0.019 



Table 6 (cont'd.) 

0 	 &i/d(mb/sr) 
c.in.  

134.9 6.22 0.374 ± 0.012 

139.9 6.51 0.685 ± 0.020 

145.0 6.90 0.872 ± 0.021 

150.0 7.34 0.901 ± 0.021 

155.0 7.41 0.828 ± 0.021 

160.0 7.32 0.722 ± 0.020 

LBL-9531 

-0.252 ± 0.020 

-0.394± 0.020 

-0.390 ± 0.019 

-0.391 ± 0.018 

-0.263 ± 0.017 

-0.137 ± 0.016 

A 
yy 
	 A xx 
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Table 7. Cross sections and tensor analyzing powers, Ed = 35.0 MeV. 

e c • m. 

30.0 

33.7 

37.4 

41.1 

44.7 

48.4 

52.0 

55.5 

59.1 

62.6 

66.1 

72.9 

79.6 

86.1 

92.4 

94.9 

98.5 

99.9 

104.3 

104.9 

109.9 

115.1 

da/dcz(mb/sr) 

166 

92.6 

53.2 

34.1 

28.4 

29.8 

33. 5 

36.5 

37.3 

35.9 

32.5 

22.9 

14.4 

9.39 

7.63 

7.26 

7.09 

6.38 

5.41 

A 
yy 

0.142 ± 0.014 

0.192 ± 0.013 

0.216 ± 0.013 

0.157 ± 0.014 

-0.021 ± 0.015 

-0.123 ± 0.016 

-0.198 ± 0.016 

-0.225 ± 0.016 

-0.226 ± 0.016 

-0.211 ± 0.015 

-0.206 ± 0.011 

-0.134 ± 0.016 

-0.081 ± 0.017 

0.004 ± 0.017 

-0.006 ± 0.013 

-0.182 ± 0.020 

-0.192 ± 0.010* 

-0.303 ± 0.022 

-0.332 ± 0.007* 

-0.486 ± 0.007* 

-0.594 ± 0.007* 

A xx 

-0.106 ± 0.033 

-0.224 ± 0.023 

-0.260 ± 0.027 

-0.218 ± 0.023 

-0.075 ± 0.020 

0.043 ± 0.020 

0.149 ± 0.018 

0.168 .± 0.018 

0.137 ± 0.018 

0.148 ± 0.018 

0.095 ± 0.019 

0.107 ± 0.018 

0.170 ± 0.019 

0.296 ± 0.020 

0.450 ± 0.014 

0.476 ± 0.015* 

0.512 ± 0.015 

0.498 ± 0.016* 

0.471 ± 0.021 

0.469 ± 0.021* 

0.345 ± 0.015* 

0.278 ± 0.013 
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Table 7 (cont'd.) 

0 c.m. 
do/d(mb/sr) A 

yy 
A xx 

120.2 4.58 -0.542 ± 0.011* 0.151 ± 0.016 

124.9 4.12 -0. 345  ± 0.023 0.059 ± 0.023 

129.9 4.08 0.075 ± 0.019 -0.147 ±0.024 

134.9 4.48 0.501 ± 0.017 -0.284 ± 0.026* 

139.9 5.14 0.753 ± 0.006* -0.331 ± 0.026* 

144.9 5.55 0.883 ± 0.006* -0.393 ± 0.027* 

150.0 5•47 0.937 ± 0.006* -0.333 ± 0.026* 

155.0 5.23 0.904 ± 0.006* -0.325 ± 0.027 

160.0 4.77 0.852 ± 0.012* -0.063 ± 0.035 
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Table 8. Cross sections and tensor analyzing powers, Ed = 40.1 MeV. 

0 dc/dc2(mb/sr) A A 
c.m. yy xx 

30.0 157 0.115 ± 0.013 -0.160 ± 0.017 

33.7 90.8 0.145 ± 0.013 -0.157 ± 0.015 

37.4: 50.1 0.183 ± 0.013 -0.211 ± 0.016 

41.11 32.1 0.132 ± 0.013 -0.209 ± 0.016 

44.8 26.2 -0.008 ± 0.014 -0.075 ± 0.012 

48.4 27.7 -0.122 ± 0.014 0.080 ± 0.013 

52.0 30.5 -0.195 ± 0.015 0.068 ± 0.012 

55.6 32.6 -0.195 ± 0.15 0.102± 0.011 

59.1 32.5 -0.210 ± 0.015 0.071 ± 0.010 

62.6 30.5 -0.212 ± 0.016 0.090 ± 0.010 

66.1 27.1 -0.189 ± 0.011 0.081 ± 0.016 

72.9 18.2 -0.149 ± 0.015 0.091 ± 0.010 

79.6 10.7 -0.067 ± 0.015 0.179 ± 0.011 

86.1 6.34 0.121 ± 0.016 0.280 ± 0.016 

92.4 4.79 0.233 ± 0.012 0.487± 0.010 

98.5 4.41 0.130 ± 0.018 0.541 ± 0.013 

104.4 4.24 -0.060 ± 0.018 0.468 ± 0.014 

110.0 3.78 -0.321 ± 0.015 0.310 ± 0.022 

115.1 3.07 -0.547 ± 0.019 0.169 ± 0.012 

119.9 2.64 -0.586 ± 0.027 0.024 ± 0.017 

124.9 2.55 -0.354 ± 0.023 -0.093 ± 0.019 

129.9 2.86 0.058 ± 0.017 



33 	 LBL-9531 

Table 8 (cont'd.) 

0 
C.M. 

dci/dQ(mb/sr) A 
yy 

A xx 

134.9 3.44 0.420 ± 0.020 -0.217 ± 0.019 

139.9 3.95 0.672 ± 0.021 -0.313 ± 0.020 

144.9 4.19 0.761 ± 0.022 -0.366 ± 0.021 

149.9 4.04 0.843 ± 0.024 -0.277 ± 0.020 

155.0 3.63 0.813 ± 0.023 -0.157 ± 0.019 

160.0 3.12 0.721 ± 0.021 -0.053 ± 0.020 

-0 
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Table 9. Cross sections and tensor analyzing powers, Ed = 45.2 MeV. 

0 
C.M. 

dc/cli(mb/sr) A 
yy' 

A xx 

30.1 138 0.d18 ± 0.019 -0.110 ± 0.009 

33.8 78.1 0.161 ± 0.013 -0.138 ± 0.010 

37.5 43.4 0.165 ± 0.013 -0.176 ± 0.012 

41.1 P28.2 0.115 ± 0.013 -0.146 ± 0.011 

44.8 23.9 0.009 ± 0.014 -0.048 ± 0.007 

48.4 24.2 -0.088 ± 0.015 0.036 ± 0.006 

52.0 26.0 -0.133 ± 0.016 0.074 ± 0.007 

55.6 26.9 -0.153 ± 0.015 0.101 ± 0.007 

59.1 26.1 -0.178 ± 0.016. 0.111 ± 0.015 

62.6 23.9 -0.183 ± 0.016 0.120 ± 0.008 

66.1. 20.4 -0.205 ± 0.016 0.095 ± 0.008 

73.0 0.080 ± 0.009 

79.6 7.08 -0.053 ± 0.013 0.135 ± 0.012 

86.1 4.03 0.233 ± 0.017 0.285 ± 0.014 

92.4 2.97 0.444 ± 0.020 0.506 ± 0.028 

98.5 0.404 ± 0.021 0.500 ± 0.029 

104.4 2.72 0.218 ± 0.017 0.368 ± 0.023 

104.9 0.171 ± 0.016* 

110.0 2.34 -0.077 ± 0.013* 0.201 ± 0.014 

114.9 1.95 -0.357 ± 0.016* 0.093 ± 0.013 

119.9 1.68 -0.507 ± 0.015* 0.028 ± 0.021 

124.9 1.69 -0.373 ± 0.013* -0.034 ± 0.012 

t 
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Table 9 (cont'd.) 

0 
C.M. 

da/dQ(mb/sr) A 
yy 

A xx 

129.9 2.08 0.041 ± 0.020 -0.123 ± 0.013 

134.9 2.57 0.331 ± 0.018 -0.182 ± 0.014 

139.9 3.06 0.543 ± 0.019 -0.238 ± 0.016 

144.9 3.14 0.702 ± 0.015* -0.297 ± 0.019 

149.9 2.93 0.779 ± 0.020* -0.253 ± 0.018 

154.9 2.53 0.784 ± 0.028* -0.083 ± 0.012 

160.0 2.32 0.628 ± 0.033* 0.126 ± 0.013 

z 
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FIGURE CAPTIONS 

Figure 1. Differential cross section angular distributions at various beam 

energies. The curves are a guide to the eye. 

Figure 2. A angular distributions at various beam energies. The open
yy  
(closed) points were measured with method I (II) (see text for 

details). The curves are a guide to the eye. 

Figure 3. A angular distributions at various beam energies. The open
xx  

(closed) points were measured with method I (II). The curves 

are a guide to the eye. 
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