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single-particle final states are involved.
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For some time now, there has been the expectation that

proton-inducad pion production reactions, A(p,it + )A+1, would constitute a

useful spectroscopic tool for the investigation of high momentum

components of nuclear wave functions once the production process Itself

was sufficiently well understood. As a result, reactions of this type

have attracted considerable attention over the past several years.1"3 So

far, however, even though much data now exist, the basic production

process is still unclear.

In the meantime, experiments have tended to look for systematic

trends in the dsta for clues in understanding the basic reaction

mechanism. One such clue could he the strong energy dependence of the

analyzing power observed for the ground state transition of the

12C(p,it+)13C reaction.1* This strong dependence in contrast to the weak

dependence osberved for Be(p,it + ) Be reaction, encouraged us to

investigate another even A nucleus.

In this communication the angular distributions of the analyzing

power and differential cross-nection for incident proton energies of 200,

225, 250 and 2bO MeV are presented and compared to the corresponding

situation in the other light nuclei. In this respect, a possible trend

due to single-particle final states is pointed out.

The experiment was performed at the TRIOW cyclotron using an

extracted polarized beam of 20 and 30 nA intensity. The spin

polarization of the beam was typically 75?. The beam Intensity as well

as its polarization were monitored using polartmeters based on p—p

elastic scattering from thin Crtj (polyethylene) targets. >
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The areal thickness of the boron targets (all enriched to 92% l 0 B ) ,

of the order of 100 mg/cn? , were known to better than IX. The background

due to the 8X contamination of ll a In the target was carefully checked.

For the data presented here, where only the ground and first excited

states are considered, the B back, rounds In this region contributed

less than IX to the two states for all measurements*

The basic apparatus used to detect and Identify the plons was a

6i cm Browne-Buechner8 magnetic soectrograph. Three sclntlLlators

provided tlme-of-flight and energy—loss information as we.'.t as the event

definition. The plon trajectory and thus the plon momentum was

determined by three helically wound multi-wire proportional chambers.9 A

detailed description of the experimental arrangement Is described

elsewhere.*1 >10

The overall efficiency and acceptance of the spectrograph was

calibrated relative to the known cross-sections of the pp * dn +

reaction. In this case, the Incident proton energy and plon angle were

chosen so that the plon energy was Identical to that Investigated In the

1 0 B(p,ii+)11 B reaction. In addition, a Monte-Carlo simulation of the

s^-ectrograph was applied to the A<p,n+)A+1 reaction to determine the line

shape associated with the spectrograph. The generation of "tails" In the

momentum distribution of a single line due to multiple pole-face

scattering In the spectrography Itself Is a significant effect.^0 The

reliability of the Monte-Carlo In modelling this effect was checked by

comparison to the strong pp •* M+ line. The full details of the

calibration are described in Ref. 10. The line shapes so determined were

then used to fit the B spectra. One example of a typical energy

spectrum along with Its fit Is shown in Fig. 1.



The analyzing power A
N0W) and the spin-averaged (unpolarized)

differential cross-section do/d3(6) were calculated using the relations:

, do(0/<P - do(Q/<C , , ,

da . P(t)do(Q/d3
S"<9) P(+ )

where P and do7d2 are the magnitudes of the beam polarization and

spin-dependent differential cross-section, respectively. The arrows

indicate the spin direction according to the Madlsoi. convention. ̂

The results are shown in Figs. 2 and 3. In Fljr. 2(a) the 200 MeV

results from Ref. 13 are also shown. The absolute normalization of the

two sets of datf. agree remarkably well. In this energy region there also

exist some forward angle measurements at 250 MeV.11* The results in Ref.

14, however, must be renorraallzed up by a factor of 1.9 for the

transition to the ground state and up by a factor of 4.5 for the

transition to the 2.12 MeV state In order Co have agreement with the

results reported In this work.

Only the relative uncertainties are indicated In the figures. In

addition, there is an overall systematic uncertainty of ~10Z for the

differential cross-sections and "27. for the analyzing powers. The

relative error consists of both the counting statistics and the random

fluctuations in the beam current measurements (mainly due to the

wrinkling of the thin polarimeter targets). The majority of the

systematic uncertainty in the differential cross-section arises from the

uncertainty in the calibration of the effective solid angle of the
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spectrograph. The systematic uncertainty assigned to the effective solid

angle Is mainly caused by systematic 'incertalntles In the pp •+ du +

cross-sections and absolute beam current normalization. The systematic

uncertainty of the analyzing powers Is due to the uncertainty In the

analyzing power of the polarlmeters.

The differential cross-section show very little structure, although

there may he a slight change In slope for the forward angle

cross-sections for boch states occurring between 225 and 250 MeV Incident

proton energy. The analyzing powers however show a considerable energy

dependence for both states. Comparison of these results to that from

other A(p,it+)A+1 reactions [9 Be(p,* + ) 1 0 Be and 12 C(p,n+)13C ] should help

define the generil trends associated with pion production. For example,

the analyzing powers for transitions to both the ground and first excited

states of lflBe as well as the 9.5 MeV excited state of 1 3C show very

little energy dependence, whereas for transitions to the ground and first

excited states of l lB as well as to the ground state of 1 3C, i very

strong (and similar) dependence is observed. A demonstration of this

trend is shown in Fig. 3(a).

A possible interpretation of the energy dependence in the latter

case might be that of specific effects associated with single—particle

final states. Since the analyzing powers depend principally on

spin-orbit coupling, It seems plausible that final states consisting of

more than one particle (10Be , 10 Be, ,, ,, LiCa K ,,) would be

g.S. J.J/ MeV, 7.3 MeV

candidates of an averaging effect and thus exhibit a "smoothed out"

energy dependence. On the other hand, single particle final states (like

C ) could be experted tr> manifest a strong energy dependent

analyzing power. The 1 LB state, a single-hoLe state, would be

fi.s.
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expected to act Like a single-particle state. The B_ . , state, A

two-hole one-particle state, also shows this strong single-particle

energy dependence. Since partlcLes (Including holes) like to couple to

zero spin, It would not be unreasonable Co expect the 2.12 MeV state of

B to act as an effective sin.;le-partlcle state. In order to determine

whether the effects observed are truly signatures of single-particle

final states, additional nuclei should be studied. In particular, we

suggest analyzing power measurements of 16O(p,u + )17O and <*°Ca(p,n + )'<1 Ca

reactions leading to low lying states which should exhibit a behaviour

similar to that of 1 0 B("J>,n + >11 B.

The assistance of Mr. R. Igarashl and Mrs. D. Sample In the data

handling and analysis is very much appreciated. This work was supported

in part by an NSERC grant.
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TABLE I

(MeV)

200

225

250

260

(Deg.)

49.8
64.6
74.9
85.2
95.2

110.0
1?4.5
138.6

49.8
59.3
64.4
79.9
87.1
95.0

109.8
124.3
138.5

49.6
57.0
64.4
74.7
84.9
95.0

109.8
124.2
i30.4
138.5

49.7
64.4
74.7
84.9
95.0

104.9
114.6
124.3
138.5

1 0B(p

(nb/sril

471
339
196
91
94
50
56
47

593
34B
285
122
98
75
46
30
42

539
376.
257.
132.

7 3 .
3 8 .
14.
14.
12.
14.

580.
252.
127.

8 2 .

.(30

.(22

.(13

.4(6

.7(6

.7(3

.7(3

.3(3

.(37

.(27

. (18

.8(8
2(7

.0(4

.9(3
0(2
9(2

(33.
(24
(16
0(8.
2(5.
2(2.
2(1 .
1(1.
1(1.
2(1.

(39.
(16.
4(8.
5(5.

53.0(4.
27 .
16.
15.
10.

8(2.
1(1 .
1(1.
6 ( 1 .

# )

, )
. )
. 6 )
. 5 )
. 5 )
. 8 )
. 2 )

- }

. )
, )
.1 )
. 8 )
. 9 )
. 2 )
.0)
9 )

)
)
)
5)
9)
5)
4)
2)
2 )
2 )

)
)

7)
4)
'*)
4 )
5)
5)
2 )

s.

-0
- 0
- 0
- 0
- 0
- 0
- 0
- 0

- 0
-0
- 0
- 0

0
- 0

0
-0
- 0

- 0
- 0
- 0

0.
0 .
0 .
0.

- 0 .
- 0 .
- 0 .

- 0 .
0 .
0 .
0 .
0 .
0 .
0 .

- 0 .
- 0 .

ANO

.222(

.372(

.475(

.459(
• 329(
. 1 9 l (
. 1 8 9 (
. 1 8 7 (

.3O5(

. 2 5 2 (

.368(

.O95(
,000(
.04K
,O53(
.094(
327(

021(
O29(
004 (.
082(.
287(.
534(.
386(.
289(.
5O5(.
5O6(.

O33(.
048(.
262(.
377(.
525(.

.032)

.034)

.032)

.046)

.041)

.040)

.036)

.039)

.018)

.058)
• 024)
.036)
.073)
.035)
.042)
.043)
043)

021)
024)
023)
03!)
066)
034)
099)
086)
087)
075)

039)
024)
042)
037)
065)

493(.O92)
16( . l 0)
36(.10)
47(.12)

e

49
64
75
85
95

110
124
13H

49
59
64
79
87
95

109
124
13b

49
57.
6 4 .
74.
84
9 5 .

109.
124.
130.
138.

Wi.
64 .
74.
8 5 .
9 5 .

104.
114.
124.
138.

S.)
. 9
. 6
. 0
. 2
. 3
. 1
.5
. 7

,8
.3
.4
. 9
.1

1
.9
3
5

7
1
4
7
9
0
8
3
5
5

7
4
7
0
0
9
7
3
5

da

130
104

55
38
36
25
19
18

172
84
90
51
55
39
32
19
34

114
82
62
40
2 9 .
19
10 .

7.
7.
7.

130.
6 1 .
38.
4 3 .
2 4 .
1 6 .

8 .
8.
8.

?>.*+

ft?
.0(9
.3(8
.6(4
.5(3
.1(2
.5(1
.9(1
.1(1

.(11

. 9 ( 9

. 5 ( 6

.6 (3

.1(5

. 5 (2

.4 (2

.2(1

.1(2

0 ( 7

) l l B 2

7

. 8 )

. 1 )

. 3 )

. 3 )

. 9 )

. 9 )

. 5 )

. 4 )

# )

. 6 )

. 1 )

. 8 )

. 1 )
• 8)
.3)
.4 )
4)

9)
.4 (5 .3)
2(4
5(3
1(3.
2 ( 1
1(1.
00(.
05(.
19(.

(11 .
9(4.
6(3 .
3(3.
0(2.
9(1.
23(.
5 ( 1 .
8 ( 1 .

3)
0 )
1)
4 )
1)
77)
83)
77)

)

3)
2)
1)
4)
7)
9 7 )
0)
1)

. 1 2 i-;2v

ANO

-0.45U
-0.428(
-0.694(
-O.6()7(
-0.586(
-O.533(
-O.3 79(
-0.468(

-O.432(
-0.63( .
-O.473(
-O.27O(
-O.435(
-0.3lH(
-0.2IH(
-0.295(
-O.457(

-O.()64(
-O.35K
-O.343(
-0.20K

0.05( .
O.163(
O.29(.
0 .43( .

- 0 . 0 4 ( .
- 0 . 2 8 ( .

-O.O79(
-0.225(
-0.322(

0.106(
0.541(.
0 .47( . l
0 .51 ( . l
0 .41( . 1

-O.43( . l

.059)

.061)

.056)

.067)

.061)

.051)

.059)

.060)

.1)3 3)
10)

.042)

.054)

.094)

.048)

.(150)

.050

. 04 7 )

.046)

.049)

.04 5)

.05o)
U )
.052)
12)
12)
13)

1)

.082)

.048)
076)
053)
096)
2)
3)
4)
3)

A list of the values for the differential cross-sections and analyzing powers for
1 0B(p,n +) reaction leading to l l B

g . s and 11 B2.1"? MeV states. The numbers In
parentheses reflect relative uncertainties. Systematic errors are estimated as~IO5£
for the differential cross-sections and ~2t for the analyzing powers.



Figure Captions

Figure 1. Energy spectrum of n + produced at 50* c m . from 223 MeV

Incident protons with spin down. Line shape fits for the

first two states are shown by the solid line.

Figure 2. The differential cross-sections for the transition leading to

(a) the l l B and (b) the l lB . In (a) the 200 meV
K* & • Z» 1 ̂ riCV

differential crosa-sectlons results of Kef. 13 are also

shown.

Figure 3. The A-Q(8) are shown for the transition leading to (a) the

Bg.s. and (b) the"B2il2 well the 200 and 250 MeV

A.,, results of Refs. 4 and 5 are shown In (a) to demonstrate

the general trends seen In the energy dependence of \,Q' The

lines serve only as a guide to the eye.
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