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Abstract: Doubly differential cross sections for producing rr
+ 
 and r 

were measured for several target-projectile combinations. They were 

°Ar + C, Ca, and U at 1050 A MeV and 20Ne + Be and NaF at 655 A MeV. 

- + 
The 71 /11 ratios are smaller than those expected from several Coulomb 

effect calculations. The Ne + NaF - ir data exhibit a peak at 900  in 

the center of mass and p = 0. 14m c. 
TI 	 iT 

PACS numbers: 25.70. - z 

-S 
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I. Introduction 

Pion production at low momentum in the center of mass (p < mc) 

in relativistic heavy ion collisions has been extensively studied 

recently. Enhancements of the pion yield at the rapidity of center 

of mass (i.e., mid-rapidity) have been observed13 , where rapidity y 

= (1/2) ln[(E + p11)/(E - p11)]. This enhancement is evident when the 

	

+ 	 14 
heavy-ion data are compared to the 730  MeV p + p - n yields, which 

show a minimum in the angular distribution at 90 0  in the center-of-

mass for low p. When the contours of invariant differential cross 

section are plotted, these enhancements appear as plateaus. For the 

reaction 800A MeV Ne + NaF - ¶
4, 

Chiba et al. 2  observed a peak at 

the center-of-mass rapidity at p1  : 0.5 mc. The height of the peak 

was about 1.14 times the smoothly varying component of the cross-

section (which will be referred to as the "background"). The peak 

was also observed by Chibu et al. 2 when heavier targets were used. 

In a similar experiment with 1.05A GeV 140 
 Ar + Ca - it

+  , Wolf et al. 1 

observed a peak at p 0.4 mc which had a height -1.3 times the 

"background." The peak is enhanced by selecting pions from events of 

high total multiplicity) In an experiment at lower energy, 1400 A 11eV 
20 	 + 	 5 Ne + NaF (and heavier targets) - it , Nakai et al. did not observe 

a mid-rapidity enhancement. 

+ 
Numerous explanations for these low energy it 	peaks or ridges 

have been suggested: 

1) Collective flow effects, such as hycirodynamic "splashing" or 

"jetting" in the perpendicular direction, might enhance pion spectra 

April 8, 1985 
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at the collective velocity 1 . 

Shadowing(absorption) effects from spectator material, which 

should be strongest for pions moving near the A (3,3) resonance in 

the spectator frame, could selectively absorb pions and create val-

leys around the low energy "bump." 5 ' 6  

In certain spin-isospin states two deltas are presumed to 

strongly bind. The pionic decay of such "di-deltas" would give a low 

energy pion component. 5  

14) Monte-Carlo cascade calculations by Yariv and Fraenkel 7  show 

a mid-rapidity bump, though at somewhat higher p1  than experimentally 

observed. They offer no detailed explanations of its origin. 

Several authors have studied the possibility that the low 

energy 	bumps could be primarily due to simple Coulomb effects.8 10 

Coulomb effects on pion spectra have been clearly established, 8-114  

but we believe that the it evidence we present here rules out the 

simple Coulomb explanation for low energy pion bumps in the mid-

rapidity region. 

Pion orbiting, probably enhanced by boson properties of 

pions, constitutes one of the most interesting explanations, partic-

ularly since it relates the observed pion momentum of 0. 14 -0.5 mc to 
Tr 

a nuclear size of approximately 3frn by the uncertainty relation R'4'/p 

(i.e., Fourier transform). For discussions of the boson condensation 

aspects see references 15 and 16. For hadronic pionic binding 

aspects see references 17 - 19. 

April 8, 1985 



We have extended the pion measurements by obtaining inclusive 

spectra for both it and it
+ 
 production. Some of these results have 

been reported previously 3  and are included here for completeness. By 

+ 
measuring both it and it spectra we are better able to distinguish 

the role of Coulomb effects in the observed pion spectra. We note 

that if one hopes to obtain detailed information on the structure of 

the mid-rapidity cross section it is necessary to have excellent 

momentum and angular resolution typically (hp/p < 5%, AO K L°),  and 

small statistical uncertainties (less than 5 1/0). In contrast to the 

peaks observed at beam velocity, 12  where the enhancement has been 

observed to be a factor as large as 10 (e.g. 281A MeV 20
Ne + NaF 

- it ), the observed enhancement at mid-rapidity is only about 

30 -140%, so careful work is necessary to observe it. 

II. Description of Experiment 

The reactions of 1.05A GeV 140Ar with C, Ca, and U targets and of 

655A MeV 20Ne with Be and NaF targets were studied. Data for both 

positive and negative pions were collected for each projectile-target 

combination. The data were taken with a magnetic spectrometer at the 

Lawrence Berkeley Laboratory BEVALAC. Because the apparatus has been 

described elsewhere 13 , only a brief description is given here. Par-

tides emerging from the target were bent 180 0  in the magnet and 

passed through two multi-wire proportional counters (MWPC's), which 

were used to define their trajectories. The particles were then 

stopped in an eleven-element scintillator range stack. From their 

April 8, 1985 



radii of curvature in the magnetic field, the momenta of the parti-

cles were determined. Using the momentum, the energy losses in the 

first two scintillators (E's), and the range of the particles, pions 

could be very clearly distinguished from other particles. Data for 

the 140Ar experiment were taken with the spectrometer rotated 15 0  from 

the 00  position shown in Fig. 1. This centers the acceptance at a 

laboratory angle of 15 0  (the "central angle" in Table 1). The 655A 

MeV Ne data were taken with the spectrometer in the 0 0  position 

except for some of the 20Ne + NaF -> it data. In this case data were 

taken at 0 0  and at 30 0 . The beams, targets, and spectrometer angles 

used to obtain the results reported here are summarized in Table 1. 

III. Results 

The doubly differential invariant cross sections are plotted in 

various forms in Figures 2-11. Figures 2-14 are plots of invariant 

cross section (Ed3 a/dp 3 ) vs. momentum for the C, Ca, and U targets. 

Data at 15 0  for 1.05 A GeV 140Ar + C, Ca, U are shown in Fig. 5. Fig-

ures 6 and 7 present the data for the Ne + NaF and Ne + Be experi-

ment's. Isometric plots of Ne + NaF - it and it
+ 
 are shown in Figs. 

8 and 9. Figure 10 shows cuts at 0 0  and at y = y 	(900 CM) for theCM 

Ar + Ca - 	and it data'. Figure 11 shows cuts at 00  and 90 0  for 

the Ne + NaF - 	and it data. In Figure 11 the solid line is 

inferred from 	
+ 	 20 data of Nagamiya et al.; 	we have interpolated in 

beam energy between results at 1400 A MeV and 800 A MeV results and 

have extrapolated from Nagamiya's higher momentum data, the lowest 

April 8, 1985 
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point of which would be on the right-hand border of our Figure lib. 

The data for the reactions are listed in Tables II—XI in LBL Report 

No. 16000, available on request from the Report Librarian, Nuclear 

Science Division, Lawrence Berkeley Laboratory, Berkeley, CA 9 14720. 

IV. Discussion 

+ 
The Ar + Ca - it data are quite flat in the region that we 

measured. Although there is some disagreement between our data and 

some data points of Wolf et al. 1  reflected through the center-of-

mass, we believe that the differences are explainable by a combina-

tion of statistics and resolution of both experiments (see plots and 

discussion in our Ref. 3). We have excellent agreement where the 

data are directly comparable; there are differences only when compar-

ing data reflected about the center-of-mass, a comparison which is 

only approximately correct, as our systems are not truly symmetric. 

The beam velocity it enhancements and i depressions are clearly 

observable in the 655 A MeV 20Ne + NaF and Be data (see Figs. 6 and 

7). 

Surprisingly, we find a broad 'ma 

0.14 m c in the Ne + NaF - it data 
it 

- 1 section at the peak is 3 b/sr 	GeV -2  

is 2.14, so the peak is only about 

cimum around y 	 = 0, p1 =CM 

(Fig. 11). The invariant cross 

c, while at y . = 0,  p1 = 0 it 

25% above "background." Unfor- 

tunately there was no time available to take data for laboratory 

angles greater than 20 0  for the it ' , so we were unable to determine 

if there is also a peak for it
+ 
 in the same place for this system, but 

April 8, 1985 
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similar peaks have already been observed in it
+  spectra. 1,2 

Since low energy pion bumps have been observed in ¶ 
+
by Chiba 

et al. 2  and Wolf et al., 1  and are now observed f or the first time in 

it data, we believe that the peaks cannot be due solely to Coulomb 

effects. This is further apparent when we examine the it / it
+  

ratios. The ratios at the nucleon-nucleon center-of-mass are summar-

ized in Table I. For the 1.05 A GeV Ar + Ca case the ratio is 1.5 ± 

0.2. Theoretical predictions by Cugnon and Kooriin 9  give a prediction 

of 5.5, and the formulas of Gyulassy and Kauffmann 1°  predict a ratio 

of 2.7, which are much higher than shown by the data. These predic-

tions are based on the assumption that the pions travel on trajec-

tories which are under the influence only of Coulomb forces when 

passing near and through the projectile and target spectators and the 

expanding fireball. Ratios for the heavier targets are also below 

the theoretical expectations. 

The large discrepancy between the theoretical and experimental 

ratios led Radi et al. 21  to conduct a Monte Carlo study of pion 

trajectories. In their model the pions are emitted only from the 

intersection of nuclear surfaces. Pions traveling through the spec- 

tators are absorbed and removed from the calculation. 	The model 

gives a good prediction of the 	it
- 
 / it

+ 
 ratios: theory predicts 

ratios of 1.68 and 1.75 for Ne + NaF and Ar + Ca, 	respectively, 

while we obtain 1.76 ± 0.1 and 1.5 ± 0.2 from the data at zero energy 

in the center of mass. These ratios are similar to the transparency 

model of Libbrecht and Kooriin, in which the nuclei pass through each 

April 8, 1985 
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other without forming a fireball. However a complete transparency 

model would not be consistent with observed proton spectra. 20  

Harris et al. 22  report ir /ir ratios near unity and fairly flat 

spectra for 	Ca + 
40
Ca at 1.05 A GeV. 

Conclusion 

Data have been presented for production of low energy (CM) pions 

for 655 and 1050A MeV heavy ion beams. The 10  Ar + Ca -> rr
+ 
 data are 

in reasonable overall agreement with those of Wolf et al. 1  although 

there are some disagreements with reflected data. Further experimen-

tation would be desirable to resolve these differences. A mid-

rapidity r peak is observed in the Ne + NaF experiment. This result 

shows that more than simple Coulomb effects are needed to explain the 

mid-rapidity pion bumps. 

Further experiments are in progress that may help decide which 

explanations are correct. 2  In these experiments pion spectra from 

central and varying degrees of peripheral collisions are measured. 
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Figure Captions 

Fig. 1. Schematic diagram of the spectrometer in the 00  position. 

Fig. 2a. Lorentz invariant cross section vs. lab momentum f or Ar + C 

-> it at 1026 A MeV. Each set of data is at a fixed laboratory 

angle, which is shown on the right side of the figure. A cross see-

tion offset has been added to the data at each angle, which is also 

given on the right side of the figure. The straight lines are drawn 

only to guide the eye. The velocity of the incident beam corresponds 

to 2514 MeV/c pions. 

Fig. 2b. Lorentz invariant cross section vs. lab momentum for Ar + C 

- TI at 1026 A MeV. See also the caption for Fig. 2a. 

Fig. 3a. Lorentz invariant cross section vs. lab momentum f or Ar + Ca 

it at 1020 A MeV See also the caption for Fig.2a. 

Fig. 3b. Lorentz invariant cross section vs. lab momentum for Ar + Ca 

+ 
-> ii at 1020 A MeV. See also the caption for Fig. 2a. 

Fig. 11a. Lorentz invariant cross section vs. lab momentum for Ar + U 

- it at 1026 A MeV. See also the caption for Fig. 2a. 

Fig. 14b. Lorentz invariant cross section vs. lab momentum for Ar + U 

- 	at 1026 A MeV. See also the caption for Fig. 2a. 

Fig. 5. Lorentz invariant cross section vs. lab kinetic energy for 

Ar + U, Ca, and C - 	at a lab angle of 150. 
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Fig. 6a,b. Lorentz invariant cross section vs. lab momentum for Ne + 

NaF -> it 	at 655 A MeV. Each set of data points is at a fixed lab 

- angle, which is shown on the right side of the figure. A cross sec-

tion offset has been added to the data at each angle in order to 

display it all on the same graph. This offset is given on the right 

side of the figure. The solid line is from a least squares fit of a 

function based on the Coulomb correction equations of Gyuiassy and 

Kauffmann. 1° 	The solid line has the experimental resolution folded 

into it. The arrows mark the velocity of the incident beam. 	Details 

of the fitting procedure are given in ref. 114. 

Fig. 6c. Lorentz invariant cross section vs. lab momentum for Ne + 

NaF -> iT at 655 A MeV. See also the caption for Figure 6ab. 

Fig. 7a. Lorentz invariant cross section vs. lab momentum f or Ne + 

Be 	at 654 A MeV. See also the caption for Figure 6ab. 

Fig. 7b. Lorentz invariant cross section vs. lab momentum for Ne + 

Be - 	at 6514 A MeV. See also the caption for Fig. 6ab. 

Fig. 8. The top part of the figure shows a perspective representa- 

tion of the surface defined by the Lorentz invariant cross section 

3 	3 	 2 (Ed o/dp , units of ib/sr MeV ) as 	a 	function 	of 	rapidity 

(y = tanh 1 (p 11/E)) and p1  for Ne + NaF - it at 655 A MeV. The bot-

tom part of the figure is a contour plot of the same surface with the 

same scales for the y and p1  axes. The data were assumed to be sym-

metric about the center of mass rapidity, and all points have been 

reflected about the center of mass. Only the part of the data on the 
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projectile side of the center, of mass has been shown. 

Fig. 9. The top part of the figure shows a perspective representa- 

tion of the surface defined by the Lorentz invariant cross section 

(Ed 3 a/dp3 , units of Mb/sr MeV 2 ) as 	a 	function 	of 	rapidity 

(y = tanh1(p11/E) ) and p1 for Ne+NaF - at E/A = 655 MeV. The 

bottom part of the figure is a contour plot of the same surface with 

the same scales for the y and p1  axes. The data were assumed to be 

symmetric about the center of mass rapidity and all points have been 

reflected about the center of mass. Only the part of the data on the 

projectile side of the center of mass has been shown. 

Fig. 10. Lorentz invariant cross section vs. center-of-mass rapidity 

for 1020 A MeV Ar + Ca - ir ±at  00,  and Lorentz invariant cross see-

tion vs. the perpendicular compOnent of lab momentum (p1 ) for 1020 A 

MeV Ar + Ca - at the center-of-mass rapidity, y = 0.69. 

Fig. 11. Pion invariant production cross sections for Ne + NaF at 

E/A = 655 A MeV at 0 0  and 900 (CM). Data for it are shown as open 

circles and rr as solid dots. To insure adequate statistics we toOk 

the cross section as an average not over a fixed angle (CM) but 

rather over a fixed interval ±0.05 in rapidity y CM 



COIL EDGE 

POLE FACE 

V 	Air 25cmI 

+ TARGET 

MWPC 

PLASTIC  

	

SCINTILLATORS 	
-BEAM PIPE 

N 
N 
N 
N 
N 
N 
N 

0 	50cm 
I 	I 	I 	I 	I 	I 

LEAD 
SHIELDING 

XBL791 1-7291 

17 

Fig. 1 



Ar + C - X + 
E/A = 1026 MeV 

26 

22 

c'J 

18 
> 

U) 

'4 
0. 

b 
10 in 

U  

8 +12 

12 +IQ 
16 +8 

20 +6 

24 +4 

28 +2 

6lab 	Cross 
deg. section 

offset 
0 +16 

4 +14 

	

2- 
	 32 

	

j 

	

'to 	130 	150 	170 	190 
	

210 
	

230 
a 

lab (MeV/c) 

XBL 829— 1136 

Fig. 2a 



Ar+C—X+7r+ 
E/A = 1026 MeV 

24 

csJ  

> 
(9 	16 	

+ 
U, 

-o 

2 
0 

b 
In 	

8 

w 

9Iab Cross 
deg. section 

off se t 
0 +16 

4 +14 

8 +12 
12 	+10 

16 +8 

20 +6 
24 +4 

28 +2 

32 +0 

130 	150 	170 	190 
	

210 	230 

p 7 . lab (MeV/c) 

XBL 829— 1137 

Fig. 2b 



,Ar+Ca o X+7r 

1020 MeV 

6Iab 	Cross 
deg. section 

offset 

0 +24 

wIj 

Cq > 
0 

1 
(130 

CL 

-Q 

Fe) 

b 22  

+ 	+ 

4 +21 

8 +18 

12 	+15 

16 	+12 

20 +9 

24 +6 

28 +3 

32 +0 

are, 	110 	130 	150 	170 	190 	210 	230 

p lab (MeV/c) 

XBL 829- 1134 

Fig. 3a 

In 



Ar + Ca - X + 7r+ 

E/A = 1020 MeV 

WN 

CM 24 
> 
a, 

20 

Q. 16 

b 
I') 

D 12 

Li 

6Iab Cross 

deg. section 

offset 

0 +16 
4 +14 

8 -4-12 

12 +10 

16 +8 
20 +6 

24 +4 

28 + 2 

32 +0 

110 	130 	150 	170 	190 	210 	230 

p.77. lab (MeV/c) 

XBL 829— 1139 

Fig. 3b 



Ar + U - -X + ir 

E/A = 1026 MeV 

22 

270 

6Iab 	Cross 	
01 

deg. section 
offset 

0 + 160 

4 +4Q 

8 + 120 

12 + 100 

16 + 80 

20 +60 

24+40 

28 + 20 

230 

> 
a) 
o 190 

(1, 

150 
r) 

ci 

b 
in 	110 

I-u 

Ill 

3%0
—  
0 110 	130 	150 	170 	190 	210 	230 

p 7 . lab (MeV/c) 

XBL 829- 1135 

Fig. 4a 



6Iab Cross 
deg. section 

off se t 

0 +48 

4 + 
8 +  ~m 

12 +30 

16 +24 

20 +18 

24 +12 
28 +6 

74 

cu 62 
0 

U, 

50 

0. 

b 
PO 	38 

U 

26 

Ar + U —p-  X + + 

E/A = 1026 MeV 

23 

ti 

II 

3 
I 	I  
2 	+ 

I 
 0 

110 	130 	150 	170 	190 	210 	230 

p lab. (MeV/c) 

XBL 829— 1138 

Fig. 4b 



IN 

50 

0 

('J > 
U, 

2O 
-o 

• 	 4 4 4: 

4 

z 
0 

010  
LJ 
(I) 

(1, 
U) 
0 
cr 

I.- z 
> 

2 

I 	 T 
4 

- 	, I  

44 

* 
40Ar+U, Ca & C 

E/A = 1.05 GeV 

'Iab
_ Io  

I 	 I 

4 
Ca 

4 
I' 

•7T - 

30 
	

40 	50 	60 
	

70 	80 

liT 	
XBL 815-9921 

Fig. 5 

24 



Ne. +NaF-*X+ -. 
E/A = 655 MeV 

25 

_ 24 
C'j 

> 
4) 

20 

UI 
N 16 

Cl) 
1:2 

N 
b 

CO 8 

w 
4 

'1 cross 
section 

(deg.) offset 

*i..__. S.. 	
4 	+16 

8 	+ 12 

+ a 

16 	+4 

20 +0 
OL. 

50 

	

100 	150 200 250 

	

p 	Ia.b (MeV/c) 
71 

)UO 

XB.. 8112-12883 

Fig. 6a 



Ne +NaF-'X+ - 
E/A = 655 MeV 

26 

28 

24 
c'J > 

20 
L 
U, 

16 

CO 
0. 12 

b 
CO 8 

w 
1.3 

32 + 12 

36 + 8 

40 + 4 

cross -I 
8 Iab section I 

(deg.) offset 1  
I. + 

24 +20 - 

28 +16 

OL_ 
50 

!2_.&_  
Ip 	

'! 	 ,+ 

100 150 200 250 

p Jab (MeV/c) 
TT 

XBL 8112-428 85 

Fig. 6b 



12 
c'j 
> 4) 

10 

L 
U, 
N 8 

CO 
0. 
N 
b 

CO 4 
cc 

w 
2 

Ne+NaF-Xii+ 
E/A = 655 MeV 

MA 

14 

0.L 
50 

cross 
tob section 

$ 0 	 deg.) offset 
• •• 	+ 1 0 

d. 

4 + B 

8 + 6 

s 	 12 + 4 7 

+$ t 	 16 + 2 

4•+ 
20 + 0 

100 150 200 250 300 

p lab (MeV/c) 
TT 

X8L8112-12884 

Fig. 6c 



Ne Be-X+rr- 
EIA 	654 MeV 

C'] > 
V 

6 
L 

N 

CO 	4 
0. 

-V 
N 
b 

(Y) 

w  

	

8 	cross-I 
lob section1 

(deg.) offset 

0 +5 

4 +4 

ir 	
+++  

8 +3 

12 +2 

	

46 
	

1-1 

20 +0 

ØL_ 

140 
	

160 	180 200 220 240 

p 
11 
 lab (MeV/c) 

X B L 8 fl2-12882 

Fig. 7a 



NeBe -Xr+ 
E/A = 654 MeV 

29 

7 

1 
c\J > 

4) 

L 
U, 

4 

CO 

b 
CO 2 

V 

w 
1 

cross 
"lob section 
(deg.) offset 

	

0 	+5 

	

-__-•__*_I___I..__•__. 4 	- +4 

U..- a • 	8 	+3 

* S 

	

12 	+2 

	

16 	+1 

	

r$ 
	

20 	+0 

01 	I 	 I 	 I 	I 	 I 

140 	160 	180 200 220 240 

p lab (MeV/c) 
TT 

xBL. 81I2-288I 

Fig. 7b 



N 
(1 

U) 
' S. 

.0 

30 

(RA 

X 81.. 81 12-I 2886 

Fig. 8 



2.0 

CsJ 

co 

10 

[I] 

31 

1.6 -sj 

0. 
PL/Th7TC 	

(RAPIDITy) 

XBL 8112-128 87 

Fig. 9 



or > 
C) 

Cl) 

- 
N, 
0 

Li 

Ar +Ca -ø +)( 
E/A= 1020 MeV 

(Gill 	liii 
6=00 	 + 	6C=900  - 	- 14 - 	+ 4+ (yYcm) 

+ 	: := 

. 	:: +••+ 
- 	- 4— 	 Air 	- 

+ 

- a— 	 - 

01111111 
) 0.05 0.1 0.15 0.20025 	0.1 0.2 0.3 0.4 0.5 0.6 0.7 

' cm 
X B L 846-10651 

32 

Fig. 10 



3 3 

Ne + NoF—. TV +X 
E/A = 655 MeV 

	

I 	 I 	I 	I 	4, 1 

oTc 
4 	.rc+ 

	

c'J 
= 	dH 

> 
- 

1 11•••• S. 

CL 

	 0 	0.2 	0.4 	0.6 
CM 

rn 
10 

Ic 
LLJ 

J 	 I 

ICMI S 0.05 
4- 

oil 
r 

3- 

Nagamiya etal.—" 

	

- 	 interpolated and extrapolated 

) 	I 	 1 	 I 	I 

a- 

	

0 	02 	0.4 
	

0.6 
p 1 /ma c 

XBL 8112-12880 

Fig. 11 



34 

TABLE I. 

Beam Energy Target Thickness Central Angle TI- 
	+* 

Particle A Mev gm/cm Magnet (degree) p = 0 in c.m. 

14 °Ar 1026 C 1.1 15 1.7 
1020 Ca 1.9 15 1.5 
1026 U 1.9 15 3.5 

20 
Ne 6514 Be 1.1 0 

** 
- 

655 NaF 0.14 0 1 30 1.7 

* 
The standard deviation based on counting statistics are approxi-

mately 5% for the r lit ratios. The true uncertainity is greater 
than this which we estimate it to be approximately 15%. 
** 

Data were not taken at this angle for p = 0 in c.m. 
Data were taken at this angle for ii 



TABLE II 
Ne+Be 

E/A 

- 	it 	+ X 	Ed3 a/dp 3  

) = 654 MeV 	ub c3/(sr MeV 2  

p 	 e 	lab, degrees 
it it   

MeV/c 0 14 8 12 16 20 

1116 - 1.10 .95 .73 .97 - 
±.13 ±.12 ±.10 ±.13 

151 - 1.33 1.15 1.03 .99 .93 
±.114 ±.13 ±.12 ±.13 ±.13 

156 1.31 1.149 1.08 .88 1.00 .89 
±.15 ±.15 ±.12 ±.11 ±.12 ±.12 

161 1.14 14, 1.80 1.76 1.03 1.08 .90 
±.1 14 ±.17 ±.16 ±.12 ±.13 ±.12 

166 1.50 1.6 14 1.149 .914 1.09 1.19 
±.111 ±.11 ±.15 ±.12 ±.13 ±.13 

170 1.73 1.60 1. 148 1.314 1.25 1.18 
±.15 ±.10 ±.14 ±.1 14 ±.111 ±.13 

175 1.86 1.61 1.141 1.2 14 1.07 1.32 
±.15 ±.10 ±.114 ±.114 ±.13 ±.18 

180 2.23 1.68 1.30 1.19 1.02 - 
±.17 ±.10 ±.09 ±.13 ±.12 

185 2.05 1.57 1.19 .92 - - 
±.16 ±.10 ±.08 ±.11 

190 1.66 1.46 1.14 .97 - - 
±.15 ±.09 ±.08 ±.12 

195 1.77 1.214 1.02 1.19 - - 
±.14 ±.08 ±.07 ±.11 

200 1.51 1.12 .88 .79 - - 
±.13 ±.08 ±.07 ±.08 

35 



TABLE lIla 
Ne+NaF - 	it 

E/A = 655 

+ X 

MeV 

Ed3 a/dp 3  

3 	2) ib c /(sr MeV 

p 0 	lab, degrees 
it it 

MeV/c 0 14 8 12 16 20 

714 2.10 2.55 2.36 2.56 2.23 1.75 
±.25 ±.26 ±.25 ±.21 ±.20 ±.19 

78 2.28 2.37 2.17 2.62 2.50 2.36 
±.17 ±.23 ±.21 ±.22 ±.20 

82 2.38 2.36 2.140 2.143 2.60 3.08 
±.2 14 ±.16 ±.16 ±.20 ±.20 ±.140 

87 2.57 2.30 2.17 2.80 2.1414 2. 143 
±.23 ±.15 ±.14 ±.18 ±.141 ±.38 

91 2.61 2.50 2.06 2.86 - 3.33 
±.22 ±.15 ±.1 14 ±.20 

96 2.29 2.142 2.145 2.142 2.50 - 2.72 
±.20 ±.13 ±.1 14 ±.13 ±.12 ±.20 

100 2.66 2.141 2.145 2.147 2.142 2.72 
±.18 ±.17 ±.13 ±.13 ±.17 ±.18 

106 2.81 3.20 2.145 2.514 2.13 2.146 
±.30 ±.21 ±.20 ±.19 ±.18 ±.19 

110 2.77 2.52 3.06 2.141 2.58 2.14 14 
±.28 ±.19 ±.23 ±.19 ±.20 ±.19 

115 2.714 2.83 2.77 2.814 2.68 3.13 
±.28 ±.19 ±.19 ±.22 ±.20 ±.32 

123 2.49 2.50 2.72 2.41 1.88 2.37 
±.20 ±.12 ±.13 ±.13 ±.2 14 ±.16 

128 2.35 2.55 2.30 2.33 2.05 2.13 
±.18 ±.11 ±.11 ±.12 ±.23 ±.21 

132 2.35 2.3 14  2.27 2.39 2.33 2.23 
±.15 ±.11 ±.11 ±.11 ±.10 ±.21 

136 2.16 2.38 2.36 2.69 2.37 2.25 
±.17 ±.1 14 ±.12 ±.12 ±.21 ±.21 

1140 2.52 2.140  2.146 2.13 1.99 1.89 
±.28 ±.20 ±.21 ±.20 ±.21 ±.20 

W. 



TABLE Ilib 
Ne+NaF - 	it 

E/A = 655 

+ + X 

MeV 

Ed3  a/dp 3  

b c 3/(sr MeV 2  

p 8 	Lab, degrees 
it it   

MeV/c 0 14 8 12 16 20 

11414 2.140 2.35 2.08 2.25 2.21 2.10 
±.26 ±.17 ±.22 ±.20 ±.20 ±.19 

1 119 2. 149 2.13 2.56 2.07 2.23 2.141 
±.30 ±.19 ±.27 ±.21 ±.20 ±.23 

153 2.03 2.03 2.25 1.86 2.25 2.00 
±.22 ±.13 ±.13 ±.13 ±.111 ±.16 

157 2.142 1.93 2.3 14  2.26 2.2 14 2.00 
±.26 ±.12 ±.12 ±.13 ±.15 

161 2.51 2.30 2.114 2.02 2.15 1.95 
±.111 ±.13 ±.11 ±.10 ±.14 ±.13 

165 2.71 2.39 2.145  2.09 2.21 1.98 
±.13 ±.11 ±.11 ±.10 ±.12 ±.10 

170 2.87 2.62 2.35 2.22 2.23 1.97 
±.114 ±.10 ±.10 ±.10 ±.12 ±.10 

1714 3.27 2.59 2.25 2.21 2.06 2.17 
±.15 ±.09 ±.11 ±.10 ±.10 ±.11 

178 2.90 2.63 1.32 1.141 - - 
±.28 ±.22 ±.20 ±.16 

182 3.141 2.614 2.17 2.02 2.05 1.56 
±.17 ±.12 ±.09 ±.12 ±.16 ±.140 

187 14.30 2.73 2.02 2.06 2.03 1.76 
±.22 ±.11 ±.08 ±.14 ±.15 ±.36 

191 14.014 2.71 2.23 2.08 - 2.35 
±.23 ±.13 ±.11 ±.18 ±.33 

196 2.67 2.25 1.77 2.06 - 1.50 
±.18 ±.11 ±.io ±.16 ±.29 

201 2.76 1.88 1.67 1.58 - - 
±.18 ±.10 ±.09 ±.11 

MA 



Ii] 

Ne+NaF - 	•ir + + X Ed 3 o/dp  3 

TABLE Ilic 
E/A 655 pb c 3/(sr MeV 2  = MeV 

p 0 	lab. degrees 
. 	11 11  

MeV/c 214 28 32 36 140 1414 

714 2.814 2.67 - - 
+•1414 ±.27 

78 2.05 2.62 2.21 - - - 
±.143 ±.36 ±.36 

82 3.18 2.65 3.30 3.00 - - 
±.38 ±.35 ±.314  ±.35 

87 2.314 2.26 2.91 3.05 - - 
±.38 ±.35 ±.314 ±.33 

91 2.35 1.98 3.1 14 2.93 2.90 - 
±.38 ±.35 ±.32 ±.31 ±.30 

96 2.73 3.20 2.75 2.91 2.77 
±.22 .314 ±.30 ±.29 ±.26 

100 2.89 3.22 2.99 2.59 3.38 - 
±.26 ±.27 ±.40 ±.35 ±.32 

106 3.65 2.81 3.62 - - - 
±.33 ±.32 ±.32 

110 3.56 3.61 3.30 2.91 - - 

±.32 ±.314  ±.29 ±.29 

115 3.00 3.26 2.96 3.18 - - 

±.31 ±.30 ±.29 ±.29 

123 2.714 2.69 2.714 2.814 2.83 - 
±.19 ±.20 ±.21 ±.19 ±.19 

128 2.76 2.69 2.57 2.6 14 2.66 2.22 
±.19 ±.18 ±.19 ±.17 ±.16 

132 2.19 2.80 2.62 2.143 2.68 2.29 
±.35 ±.17 ±.17 ±.15 ±.15 ±.12 

136 2.014 1.85 2.54 2.18 2.63 - 
±.314 ±.31 ±.18 ±.16 ±.15 

1140 2.79 2.08 2.38 - - - 

±.39 ±.33 ±.32 



TABLE hId 
Ne+NaF - 	ir 

E/A = 655 

+ + X 

MeV 

Ed 3 a/dp  3  

2) ib c 31(sr MeV 

p 0 	1ab. degrees 
it 

MeV/c 211 28 32 36 140 1414 

11114 2.25 2.67 1.69 - - - 
±.36 ±.39 ±.28 

1149 2. 147 2.07 2.28 1.814 - - 

±.38 .314 ±.32 ±.28 

153 1.8 14 2.10 1.914 2.149 - - 
±.28 ±.29 ±.27 ±.30 

157 2.07 2.2 14 1.89 1.79 2.21 
±.14 ±.26 ±.31 ±.27 ±.29 

161 2.03 1.63 2.13 .1.68 1.82 - 
±.12 ±.21 ±.28 ±.2 14 ±.23 

165 2.25 2.07 2.20 1.81 2.16 - 
±.13 ±.22 ±.21 ±.26 ±.25 

170 1.71 2.19 1.78 1.59 1.71 1.50 
±.17 ±.19 ±.16 ±.24 ±.23 ±.20 

1714 1.914 2.15 2.07 1.82 1.62 1.142 
±.18 ±.18 ±.16 ±.22 ±.19 ±.18 

178 - 2.16 1.79 1.58 1.59 1.68 
±.26 ±.23 ±.20 ±.19 ±.17 

182 1.71 1.53 1.59 1.57 1.314 1.85 
±.41 ±.37 ±.18 ±.17 ±.17 ±.18 

187 1.70 1.78 1.36 1.02 1.52 - 
±.32 t.30 ±.26 ±.16 ±.22 

191 1.68 1.19 1.145 1.140 1.80 - 
±.29 ±.22 ±.214 ±.22 ±.2 14 

196 1.53 1.25 1.18 1.141 1.23 - 
±.25 ±.27 ±.22 ±.21 ±.18 

201 1.66 1.33 1.00 1.143 1.04 1.20 
±.28 ±.25 ±.214 ±.23 ±.17 ±.26 

Wo 



TABLE IV 
Ne+Be 

E/A 

	

- 	i 

	

= 	6514 

+ + X 

MeV 

3 Ed a/dp 3  

ib c 3/(sr MeV 2  

p 0 	lab, degrees 
11 iT 

MeV/c 214 28 32 36 140 1414 

1146 - .33 . 140 .43 .40 - 
±.014 ±.05 ±.05 ±.05 

151 - .36 .143 .145 .614 •55 
±.05 ±.05 ±.05 ±.06 ±.06 

156 . 142 .37 .35 .148 •59 •55 
±.05 • 014 ±.04 ±.05 ±.06 ±.06 

161 .33 .38 .143 4143 .50 .59 
±.0 14 ±.05 ±.05 ±.05 ±.05 ±.06 

166 .35 .39 .145 .514 .614 .61 
•014 ±.03 ±.05 ±.06 ±.06 ±.06 

171 .29 .33 .35 •1414 .81 .73 
±.014 ±.03 ±.014 ±.05 ±.07 ±.06 

176 .27 .31 .36 .55 .67 .69 
±.04 ±.03 ±.014 ±.05 ±.06 ±.08 

181 .25 .23 .36 .145 .58 - 
±.014 ±.02 ±.03 ±.05 ±.06 

186 .28 .2 14 .140 .141 - - 
±.014 ±.02 ±.03 ±.05 

191 .21 .29 .41 • 147 - - 

±.03 ±.03 ±.03 ±.05 

196 .25 .35 .39 .70 - - 
±.03 ±.03 ±.03 ±.05 

201 .31 .27 ,1414 .68 - - 
±.014 ±.02 ±.03 ±.05 

BN 

4 
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Ne+NaF - 	TV 
+ 	 3 + X 	Ed a/dp 3  

TABLE Va 
E/A 655 MeV 3 	2) .ib c /(sr MeV 

p 
W IT  e 	lab. 	degrees 

MeV/c 24 28 32 36 140 1414 

74 .  1.34 1.23 1.25 1.144 1.19 1.36 
±.20 ±.18 ±.17 ±.17 ±.16 ±.16 

78 1.18 1.21 1.33 1.39 1.21 1.141 
±.19 ±.12 ±.16 ±.17 ±.16 ±.16 

83 1.50 1.45 1. 116 1.29 1.70 1.141 
±.17 ±.12 ±.12 ±.15 ±.17 ±.23 

87 1.32 1.145 1.34 1.74 1.90 - 
±.15 ±.11 ±.10 ±.12 ±.25 

92 1.28 1. 149 1.32 1.56 1.314 - 
±.14 ±.10 ±.10 ±.13 ±.21 

96 1.142 1.38 1.29 1.31 1.314 - 

±.13 ±.09 ±.10 ±.10 ±.11 

100 1.41 1. 143 1.45 1.6 14 1.22 1.73 
±.17 ±.12 ±.10 ±.11 ±.16 ±.17 

106 1.33 1.72 1.29 1.514 1.70 1.2 14 
±.21 ±.15 ±.19 ±.18 ±.19 ±.17 

110 1.27 1.39 1.31 1.34 1.79 1.64 
±.19 ±.13 ±.16 ±.iB ±.20 .19 

115 1.73 1.49 1.24 1.15 1.71 - 
±.20 ±.14 ±.13 ±.18 ±.20 

120 1.20 1.38 1.57 1.32 - - 
±.20 ±.14 ±.12 ±.13 

124 1.27 1.05 1.35 1.33 - - 
±.16 ±.11 ±.11 ±.16 

129 1.143 1.31 1.16 1.11 1.32 - 
±.17 ±.11 ±.11 ±.13 ±.13 

134 1.17 1.01 1.61 1.28 1.62 - 
±.15 ±.12 ±.15 ±.13 ±.12 

138 - 1.00 1.30 1.62 - -- 
±.20 ±.16 ±.16 



TABLE Vb 
Ne+NaF - 	ii 

E/A = 655 

+ X 

MeV 

Ed3 a/dp 3  

1ib c 3 /(sr MeV2  

p 6 	lab. degrees 
it it  

MeV/c 214 28 32 36 40 1414 

1146 - .814 .89 1.01 .95 - 
±.08 ±.08 ±.09 ±.10 

151 - .88 1.08 .93 1.27 1.31 
±.09 ±.09 ±.09 ±.11 

156 .99 .83 .98 .91 1.24 1.31 
±.10 ±.08 ±.08 ±.09 ±.11 ±.11 

161 .76 .814 1.09 .96 1.35 1.27 
±.07 ±.08 ±.09 ±.09 ±. 11 ±.11 

166 .78 .88 1.07 1.11 1.10 1.29 
±.08 ±.06 ±.09 ±.10 ±.11 ±.10 

171 .79 .79 .91 1.06 1.1414 1.145 
±.08 ±.05 ±.08 ±.09 ±.11 ±.11 

176 .80 .76 .81 1.11 1.52 1.514 
±.07 ±.05 ±.07 ±.09 ±.11 

181 .57 .73 .93 1.13 1.26 - 
±.06 ±.05 ±.06 ±.09 ±.11 

186 .61 .70 .86 1.03 1.21 - 
±.06 ±.05 ±.05 ±.09 ±.11 

190 .58 .65 .91 1.014 - - 
±.06 ±.05 ±.05 ±.09 

195 .68 .66 .88 1.10 - - 
±.06 ±.014 ±.05 ±.10 

200 .61 .60 .88 1.10 - - 
±.06 ±.014 ±.05 ±.07 

42 
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Ar+C - it 	+ X Ed3 a/dp 3  
TABLE VI 

E/A = 1.026 GeV pb c 3/(sr MeV2  ) 

p e 	lab, degrees 
it iT  

MeV/c 0 14 8 12 16 20 214 28 32 

123 4.0 14.0 5.8 14.3 14.6 - - - - 
±.8 ±.5 ±.6 ±.6 ±.6 

132 3.7 3.7 14.5 14.6 4.2 39 - - - 
±.7 ±.k  ±.5 ±.6 ±.6 ±.6 

1140 3.9 14.8 4•14 14.9 14.8 3.5 14.0 - - 
±.8 ±.5 ±.6 ±.6 ±.6 ±.5 ±.5 

1149 14.9 5.1 14.1 4.0 14.5  14.6 3.7 - - 
±.9 ±.6 ±.6 ±.5 ±.6 ±.5 ±.5 

157 - 14.1 3,14 14.3 14.0 14.2 3.14 3.8 - 
±.7 ±.5 ±.6 ±.5 ±.5 ±.4 ±.14 

166 - - - 3.5 14•14 14.8 3.9 14.0 3.0 
±.5 ±.5 ±.5 ±.5 ±.k 

175 - - - - - 3.14 3.14 3.6 2.9 
±.7 ±.5 ±.14 ±.3 

43 
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TABLE VII 
Ar+Ca 

E/A = 

- 	it 	+ X 

1.02 GeV 4b 

Ed 3 a/dp 3  

c 3 /(sr MeV 2  ) 

p e lab, degrees it ii 

MeV/c 0 14 8 12 16 20 214 28 32 

103 11. 14 1 14.6 13.8 12.5 12.8 - - - - 
±1.2 ±.8 ±.8 ±.9 

109 12.8 15.3 14.3 13.3 114.0 13.3 - - - 
±1.1 ±.7 ±.7 ±.9 ±.9 

116 11, 14 15.0 13.5 15.0 111.14 12.3 12.9 - - 
±1.1 ±.6 ±.7 ±.8 ±.8 ±.7 

12 14 13.11 12.7 13.6 13.5 13.1 12.8 13.3 - - 
±1.1 ±.6 ±.5 ±.5 ±.5 ±.5 ±.6 

133 11.9 13.7 12.5 12.0 12.7 12.1 11.5 12.1 - 
±.6 ±.6 •14 .14 ±.14 ±.5 

1141 12.3 12.14 12.1 12.0 11.8 10.9 9.5 10. 14 9.8 
±1.0 ±.5 ±.7 ±.7 ±.7 ±.5 ±.14 ±.5 ±.14 

1149 - 12.3 13.5 11.9 13.14  10.6 10.9 9.9 - 

158 - - 12.3 11.8 11.5 11.8 10.8 11.1 - 

166 - - - 12.0 12.6 11.3 10.9 10.5 8.7 
±.6 ±.6 ±.6 ±.5 ±.11 

175 - - - - 11.1 11.1 11.0 9.5 8.8 
______ ±1.0 ±.9 ±.6 ±.5 ±.4 
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TABLE VIII 
Ar+U - 	ir 	+ X 

E/A = 1.026 GeV ijb 

Ed3 /dp 3  

c 3/(sr MeV 2 )  

p e lab, degrees 

MeV/c 0 14 8 12 16 20 214 28 32 

100 62.1 92.7 65.7 81.9 81.2 - - - - 
±9.5 ±6.6 ±5.8 ±8.1 ±7.9 

106 59.2 82.8 78.3 65.9 88.1 68.6 - - - 
±8.3 ±5.7 ±5.8 ±6.6 ±7.8 ±6.8 

1114 56.7 76.3 67.9 79.3 71.8 70.6 77.1 - - 
±6.2 ±14.3 ±5.6 ±6.14 ±5.7 ±5.5 ±5.9 

122 58.14 69.9 69.5 714.14  65.8 69.6 61.6 - - 
±5.5 ±3.6 ±3.0 ±3.3 ±3.0 4.3 ±14.1 

131 69.0 68.5 62.3 62.5 63.14 61.7 52.5 61.14 - 
±5.7 ±3.3 ±3.2 ±2.8 ±2.8 ±2.7 3.14 ±3.6 

139 52.9 63.1 56. 14 57.8 56.7 52.6 145,3 1414.7 55.8 
±5.0 ±3.1 ±3.8 ±3.8 ±3.8 ±2.8 ±2.5 ±3.6 ±3.5 

1148 - 514.5 61.7 51.8 52.3 147.1 51.6 145,5 - 

±3.8 ±3.9 ±3.5 ±3.5 ±3.2 ±3.1 ±3.14 

156 - 511.2 514•0 52.0 511.5 147.1 52.6 - 
±3.6 ±3.7 ±3.3 ±3.3 ±2.9 ±3.0 

165 - - - 52.3 51. 14 50.0 143.5 145,9 141.5 
±3.5 ±3.2 ±3.0 ±2.9 ±2.7 ±2.5 

173 - - - - 47.1 39.7 14 14.1 38.3 3 14.6 
______ ±5.14 ±14.2 ±3.2 ±2. 14 ±2.0 



TABLE IX 
Ar+C - 	it+ + x 

E/A = 1.026 GeV ib 

3 Ed c/dp 3 

3 	2) c /(sr MeV 

p 0 	lab, degrees 
it it - 

MeV/c 0 14 8 12 16 20 214 28 32 

123 1.7 2.7 2.6 2.3 2.7 - - - - 
±.6 ±.4 ±.14 ±.14 ±.14 

132 2.2 1.9 2.2 1.8 3.3 2.14 - - - 
±.5 ±.3 ±.3 • 14 • 14 •14 

140 2.7 2.9 1.8 2.7 2.5 3.0 2.0 - - 
±.5 ±.3 .14 ±.4 ±.14 ±.4 ±.3 

149 - 3.0 3.3 2.2 2.2 1.8 1.8 - - 
±.14 • 14 ±.14 ±.3 

157 - - 2.5 2.3 2.14 2.8 2.6 2.5 - 
±.3 ±.4 ±.14 ±.4 ±.3 ±.' 

166 - - 1.7 2.8 2.6 2.4 3.2 2.7 2.0 
±.5 ±.k ±.14 .3 •14 •3 ±.3 

175 - - - - - 2.1 2.9 2.7 1.8 
±.5 •14 .3 ±.2 



TABLE X 
Ar+Ca 

E/A = 

- 	r + 

1.02 

+ X 

GeV ib 

Ed3  a/dp 3  

3 	2) c /(sr MeV 

p e lab, degrees 
it it   

MeV/c 0 II 8 12 16 20 214 28 32 

103 8.1 9.0 9.6 7.6 7.6 - - - - 
±1.0 ±.6 ±.6 ±.7 ±.7 

109 8.0 8.0 8.4 9.3 9.5 8.14 - - - 
±.9 ±.5 ±.5 ±.7 ±.7 

116 7.3 7.5 8.6 8.8 7.9 8.5 7.8 - - 
±.9 •14 ±.6 ±.6 ±.6 ±.5 ±.6 

124 7.6 8.1 8.2 8.1 8.14 8.7 8.0 - - 
±1.1 ±.6 ±.14 ±,14 ±.14 ±.4 

133 6.5 7.3 7.9 7.3 7.7 8.5 7.8 8.0 - 
±.9 ±.6 ±.6 ±.3 ±.3 ±.4 ±.4 ±.14 

141 6.3 8.14 8.4 8.9 8.9 7.0 7.1 6.6 8.1 
±.8 ±.6 ±.8 ±.8 ±.8 • 14 14 •14 

1149 - 7.3 7.8 7.7 8.0 7.1 7.7 - - 
±.7 ±.7 ±.7 ±.7 ±.7 ±.6 

158 - - 7.6 6.9 8.1 7.2 8.3 7.7 - 
±.7 ±.7 ±.7 ±.6 ±.6 ±.6 

166 - - - 7.7 7.9 8.2 8.0 7.6 6.9 
±.7 ±.7 ±.7 ±.6 ±.6 ±.5 

175 - - - - - 8.8 7.8 7.14 6.14 
______ ±1.0 ±.7 ±.6 ±.14 
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TABLE XI 
Ar+U-> 	it

+  +X 

E/A = 1.026 GeV 1.ib 

Ed 3  a/dp  3  

3 c /(sr MeV 2) 

p 0 lab, degrees 
iT it 

MeV/c 0 14 8 12 16 20 214 28 32 

100 17.14 23.8 21.6 114.0 18.0 - - - - 
±3.7 ±2.3 ±2.2 ±2.6 ±2.5 

106 16.0 23. 14  23.8 21.7 214.7 21.9 - - - 
±2.8 ±2.0 ±2.1 ±2.5 ±2.6 ±2.5 

1114 17.0 21.5 20.2 214.3 22.6 22.14 18.0 - - 
±3.0 ±1.6 ±2.1 ±2.5 ±2.2 ±2.1 ±2.0 

122 13.5 21.5 20.8 21.0 22.1 22.8 20.0 23.7 - 
±3.5 ±2.2 ±1. 14 ±1.3 ±1.14 ±1.6 ±1.5 ±1.7 

131 20.9 20.6 20.5 17.0 19.6 18.14 20.5 21.9 - 
±3.1 ±2.0 ±2.1 ±1.2 ±1.3 ±1.2 ±1.14 ±1.14 

139 20.3 214.2 15.2 26.14 17.14 18.9 18.1 20.3 16.0 
±2.7 ±1.8 ±2.3 ±2.6 ±2.3 ±1.5 ±1.3 ±1.6 ±1.3 

148 - 20.4 20.0 21.14 22.0 114.14 20.6 - - 
±2.1 ±2.2 ±2.5 ±2.5 ±2.2 ±2.0 

156 - - 214.3 23.3 18.7 20.0 18.7 17.5 - 
±2.2 ±2.5 ±2.1 ±2.3 ±1.8 ±2.1 

165 - - - 18.9 20.0 18.3 20.3 18.3 18.9 
±2.2 ±2.14 ±2.1 ±2.0 ±1.7 ±1.7 

173 - - - - - 19.0 15.1 18.7 16.8 
±2.8 ±2.1 ±1.8 ±1.5 

4- 
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