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ABSTRACT

Total and differential cross sections for 7 p elastic scattering

are presented at 35 energies between 1400 and 2000 MeV.
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I. INTRODUCTION

In recent years a large amount of data has been accumulated on the elastic

_(/

and charge exchange cha.nnels of TN scattermg Several extensive phase shift

analysesl— performed on th1s data have uncovered much of the comphcated

resonance structure up to energies of 2000 MeV The data and phase sh1ft re-
8

sults have been summarized by a number of authors, 11 Resonance parameters

from some of the recent analyses are listed in Table I. 12 Despite goodv qualita-

tive agreements, quantitative discrepancies still exist among the various solutions.

These discrepancies exist in part because of the multidimensional parameter

space explored and the different methods used, from fluctuations between different

experimental measurements, and finally from the fact that the elastic data used
is fairly insensitive to partial waves of low elasticity. Thus, the motivation for
the present experiment was to fill the need' for direct measurement of the

melastlc channels. The systematlc and rather complete set of measurements

| of the elastm channel, descrlbed in th1s paper, came as a by-product of th1s

' 1ne1ast1c study°

We present below the flI‘St part of the results of a study of elastic and
1ne1ast1c T p scattering at 35 momenta between 550 and 1600 MeV/c. Fxgure 1

illustrates the scope of the experlment At each momentum the followmg

reactmns were measured
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This paper concerns only reaction (;) Reactions (2) and (3) are 01‘1rrent1y ‘bein;';
studied both in terms on a quasi~-two body final state and in terms of a three-body
analysis. The results of thése studies as well as the strange particle data will be
presented in separate co_rfrimuiiicatid'hsz. Finally, we are extending the experiment
to higher momenta, up to 2.25 BeV/c, as ﬂ1ustréte'd by the do'ttéd?nnés in Fig’ 1.
' Organization of this paper is as follows:  ~
Section ITA. 'Expérimeﬁfal-betaﬂs N

IIiB." " Film Measurement -

II.  Data Analysis

v. Results

V.  Discussion

A. Experimental Details
The experiment was performed using the 30-inch MURA HBC at the Argonne

National Laboratory and the 72-inch Alvarez HBC at Berkeley. The Argonne
exposure consgists of ~ 500,000 pictures taken at 26 momenta between 550 and
865 MeV/c and between 1060'and 1600 MeV/c. The Berkeley exposure comprises
about 200, 000 pictures taken at 9 momenta between 925 and 1175 MeV/c. This "
latter film had been taken ten years previously, to study strange particle events
about A, > threshold, 13 but had not been uséd to investigate ‘the two-prong events.

* The Argonne film was taken during thrée_ separate exposures in 1967. The
beam was the "7°" separated beam14 of the ZGS. The higher momentum expo-
~ sures used the mode shown in Fig. 2a and':'b;' Here the first stage provided at
slit 1 both a momentum focus in the hofi_zontal pléne and an image of the target in

the vertical plane. The second stage provided a momentum focus at the final slit
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together with an image of the target in both planes. A simplified version of the
beam, Fig. 2c, was used for the low mpmentum exposures. (i.e., p, < 1 GeV/ec.)
The low energy pion flux was found to be much less than expep"_ced, and as a result
it was not possible to obtain a useful beam below 580 MeV/c.

To produce an ideal shape (5" wide and 6'" high) for the beam trajectory in
the chamber further quadrupoles were uéed after the final slit. Since the imége
at the final slit had little vertical divergence, i‘g was mqst effective to rotate the

first quadrupole 45° to couple optically the vertical and horizontal planes. The

.second quadrupole then increased the vertical divergence and decreased the hori-

zontal divergence. -

The high field of the 30-inch HBC and the low momentum of ithe beaml fnade
it necessary to raise the center of the chamber 7" above the center .be:‘clm line and
then to pitch the beam downwards into the fringe field of tﬁe bubble chamber .mag—

net to obtain a good trajectory of the beam through the chamber, Finally, for

_momenta beldw 870 MeV/c it was further necessary to lower the HBC magnet

current from 20,000 amps to 12,000 amps, to maintain this trajectory.

The proton beam of the ZGS gave a pulse of pions once every 2.9 seconds.

For part of the exposure, the bubble chamber was triple pulsed during each beam

spill, allowing a rate of nearly 1 picture per second.

. ~The 7 beam used for the Berkeley. exposure is sketche_d in Fig. 3. It has
been previously de,scribed_15 for a momentum setting of 1036 MeV/co The char-
acteristics remain the same at the momenta used in the present experimeﬁt; In
particular the beam is charac_terized by good momentum ‘resolutio&n, the fractional
momentum bite Ap/p being on fhe order of + . 5%,

All beam interactions within the volume 34 cm wide, 122 cm long and 9 cm
deep wefe accepted from the 72 inch chamber, while for the 30-inch chamber,
the fiducial volume was defined as 58 cm long, 58 cm wide and 16 cm deep.
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The coordlnate'_ system for both chambers is d.efine'd* with the camera axis as
' the z—axis and the beam coincident with the y-axis In the Alvarez chamber, the
-‘ camera akis is tllted 7% with respect to the vert1ca1 ax1s.,

The magnet1c fields .of both chambers were determmed by extrapolatmg from
.prev1ous1y measured f1e1d maps. TheSe existed for the 72 inch chamber at magnet
current settmgs of 2400A 3500A ‘and 4600A. The measured values of the B at
these currents were fltted with a 27-term polynomlal expansmn16 and the hori-
.zontal components | were calculated to satisfy Maxwell s equations to third
power 1nxy These coefficlents were scal'ed 'where necessaryr to'the'settings of
3102A 3690A 2600A and 4600A used in the present exper1ment " The :Value"o'ff
B at the center of the chamber was determmed by lookmg at K° decays
. (K N m ) and elastlc scatters. We requlred that the distribution in the unfit
| 1nvar1ant mass of the 1r+ a.nd T agreed W1th the accepted K mass. We also
requlred that the d1str1but1ons in measured and fltted values of the momenta of
each track in the 4C (elastlc scatter) events agreed We found that both of these
criteria were sxmultaneously sat1sf1ed in most reg1ons of our film rather easﬂy

The same procedure was adopted to determme the f1e1d of the 30-inch
‘chamber. It was necessary to scale from the field map measured at 20, 000A
down to 12,000A. Two precautlons were taken here. The field' measurement at

20 000A agreed W1th the deS1g'n calculatlons to within 1%. Furthermore the fvield
shape was pred1cted to remain the same at lower current settmgs. "As an addi-
tional check, the fllm taken at 853 MeV/c was divided between the two values of
the field. The.elastic scatters from the two fields were bcomp:are'd and no
discernible differences were detected° .

Table II summarizes the currents and“central values of the fields used.
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Section III.

The optical constants required by the fitting programs were determined by
making a 12 parameter least Squares fit of measured fiducials'to their known

positions ) using the program WEASEL. For the 72—inch HBC, 13 fiducials were

~ measured, with many sets of measurements being obtained throughout the entire

exposure. Several sets o.f meésurementsvwere averaiged whenever appropriate
with the program MO.NKEY, Each set of constants was checked by éompéring
measured qﬁantiti‘es with corrésponding fitted quantitieé of 4C elastic scattefing
events in all pérts of the chamber, Althéugh there was poor agreement' at the
edges of the chamber, sétisfactbryv résults were obtained within the fiducial
volume. The pull distribufions in Fig. 4d reflect the quality of Spatial
reconstruction.

The same procedure was used to determine the optiéal constants for the
30-inch MURA HBC. However, the reconstruction was slightly less satisfactory,
because there were not enough visible fiducials to enable determination of the

high'order distortion parameters. The pull distributions are given in Fig. 4a - c.

B. Measurement

.The bubble chamber film was scanned at SLAC and an LRL Spiral Reader
used to measure the events. The scanners at SLAC recorded all two-prong events.
Events in which the beam track disappeared for more than a projected vlength of
3mm before the vertex were classﬁied as 0-prong, i—vee events. Events were

rejected if obscured in any way or if the beam track was less than 3 cm long. No

- bias is introduced by these rejects. Events in which both outgoing tracks were less

than 1 cm were also rejected, introducing a loss of reactions with short protons.:
Such events correspond to CMS s‘ciattering angles which are not included in our
results and analysis (see Section IV). However, a further bias is expected due to

loss of short, dipping protons, and correction for this bias will be discussed in



The scannmg eff1c1ency was evaluated by rescanmng approx1mate1y 20 per—‘

cent of the Argonne f11rn and 10 percent of the Berkeley f11m The master hsts

o from the flrst and second scans were then compared by the computer program

| -CONFLICT Wthh hsts all dlscrepanmes These d1screpan01es were exammed
again on the scan table to determme whether they were vahd events Followmg
th1s procedure, the combmed scan eff1c1ency was found to be 97 percent

The f11m was measured on an LRL Splral Reader 17 a sem1 automat1c fllm

/

digltlz 1ng~mach1ne The reader d1g1t1zat1ons are connected mto tracks by a |
FORTRAN filter program POOH 18 W1th this program 1t is d1ff1cu1t to f1t steeply

dipping tracks and the loss of such tracks constltuted a b1as Wthh w111 be

examined in the next section,

2
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III. DATA ANALYSIS

The measured two-prong events are processed by the SIOUX-ARROW system

vprograms, SIOUX consists of a thrée—view geometry program for spatial recon-

struction and a fitting program which tries, in this experiment, each of the

following hypotheses:

TpPp—-Tp | | i
—>n1r+1r—" - S (2)
— p7r_1ro ' (3)

Since the 4C elastic hypothesis is more highly constrained than the 1C inelastic

hypotheses, there is little contamination of these elastic events. Contamination

is further reduced by the requirement that the ionization measured by the Spiral -
Reader be consistent with the fitted track momentum. The clean separation of
the final sample 4C events is illustrated in Fig. 5, where we plot the square of

the missing mass in the reaction:

Tp—Tpmm ..

" This histogram'is sharply peaked at zero, with a slight pull to the negative side,

as expected in plots of this type. 19

The cénter-of-mass energies are determined for each region of film
from the fitted distributions of the 4C elastic events. Sample dis-
tributions are shown in Fig. 6. The beam has a 'lc;w energy tail. In determining
the mean value 6f the ¢.m. energy cutoffs - were applied to the data. These cutoffs
are given in Table V.

Because of the high momentum resolution of the Berkeley beam, the technique

‘of "beam averaging" was used in processing this film. The momentum for a

: -



given event was a weighted average of 'beam average' and measured momenta,
calculated from the expre'ssion:
/(A pmeas) ,+pB A, /(ApB A)

)+1/(ApBA) o

meas
1/(Ap

‘meas
In order to determine the beam average momentum and its aSsociated error; the
following procedure was used. All events {»vere processed through SIOUX.without
beam averaging. Those events fitting the 4C elastic scattering hypothesis with

a X 2 < 10 wereusedto determine the average value of the beam momentum, pB. AL and

‘1tserror ApBA | . o | o

The efficiency for passmg events through the measurmg process and the

_ ‘f11ter1ng program was found to be 97 percent after the f1rst measurement of the
72 ‘ihch HBC f1lm. We made a repeat measurement of about 17 000 events and
found the combmed efflclency then to be 99 percent All of the 30 mch HBC f11m
was measured tW1ce except for 43% which had unamb1guous f1ts on the f1rst
measurement. The combined efficiency after the second measurement for all
events in the 30-inch chamber was 93 per(.:ent° Those events which failed twice
were examined on the scan table, and no evidence for topological bias was found
apart from the bias against short protons mentioned previously. The number
of events of each reaction type '(1),- (2) or (3) which were processed are given in
Fig. 7 and in Table III. -~ - . : e L

Figure 8 shows the Xz. -distributions from our experiment.: As usual in

“ hydrogen bubble chamber. experiments; the 'obs‘erved and theoretical chi-squared

distributions agree satisfactorily provided that the theoretical X 2 is scaled up

- by a factor. *This 'scale' factor is indicated in Fig.: 8. _Elastic events with

)(2 < 25 'were used in the.subsequent analysis, -To test the sensitivity to.the X

-9-
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cut-off, the Legendre polynomial coefficients describing the angular distributions
were computed for those events with X 2 < 25, and for the subsample of events
with X 2 <10, The values of the coefficients were unchanged within their errors.
The. datéwere corrected for loss of events in which the scattering pl_ane lies
close to the camera axis. If the angle o is defined as the angle between the nor-
mal to the scattering plane and the camera axis, then a depletion of events is
expected at 90° for forward’pion production angles, where the prbtons have a
small rangé. However, the data show this expected loss not only in the forward

regions but also in the middle and backward regions. This latter loss of events

~is due to the previously mentioned bias of the POOH filter program agairist steeply

dipping tracks., Typical azimuthal distributions are shown in Fig. 9 for the
forward, middle and backward production regions. The bias is strongest in the
forward regions. Corrections for these biases were made separately by regions

of production angle and energy and are listed in Table IV.
IV. RESULTS

In this section we present the iv'esults of our measufement of the 7 p elastic
scattering cross sections. In determining the angula.r distributions the c.m.
energy cutoffs of Table V were used. Our data was normalized to counter
éxpe\i‘iment' reSul;cS in the ra.hge of scattering angles (-0.8 < cos 6 < 0.7), where
the experimental biases ai'e not a serious problem for either countefs or HBC.
Specifically we have used the data of Duke et al., 20 Helland et al., 21 and
Ogden et al. 22 It 'should be noted that this normalization region contributes only
20-30% of the total elastic cross. secfion,' and that it varies slowly as a function
of energy throughout the region investigated (see Fig. 10). Thus, our measure-

. H
ment of the total cross section, and of the sharply varying energy dependencies

is only weakly dependent on the fact that we have normalized to the counter work,

- 10 -



The elastic scattering angular _distfibutions are presented in Fig. 11. The

data‘is available in tabular form els'ewhereaz3

The distributions extend up to:
cos 8 = .90 below 1647 MeV and up to cos 6 = .95 at higher energies. At
more _forwar'd angles the recoiling proton has nearly zero range.

The smooth curves superposed on the data in Fig. 11 represent the best fit

to a series expansion in Legendre polynomials, where . .-
do/d0 = Z A P (cos 0) .

A fit to érder n =5 was suff1c1ent below 1674 MeV a.nd to order n = 6 at higher
energles. Table V 11sts the Legendre coefflclents A for each energy, along W1th
the X and confldence level descrlbmg the fit to the data. These coefflc1ents are
'plotted in F1g° 12 along with those of other exper1men’cs.2 ! Théwag’reéméiilt is
good. - | , o |
The total elastic Crosé section waé détérmm.éd. from the Legéndfe fit to 1-:he

data using the relation:

Tl = 4T Ay

The elastic cross section is shown in Fig. 10 compared to the crogs s_ectio:ns Qf
the counter experiments. 2_0’ 21’2_2
The,‘fo_rward cross section may be extrapolated from the Legendre coefficients
according to '
d0'/dQ (6=0) = Z A -
The forward elastic cross sections thus dete_rmmed are the data points in Fig. 13.
The smooth curve represents the forward cros's section predicted by Carter..'24

“The real part of the forward scattering 'amplitude was calculated from partial wave

dispersion relations, while the imaginary part was obtained from the optical -

-11 -



theorem using the recent precision total cross section measurements of
Carter et al. 25 The curve shows a marked shift toward the low energy side of

the third resonance peak. This shift reflects the shift of the data of Carter et al.

2 28,29
compared to other experiments, 6, 217,28, as seen in Fig. 14.

The behavior of the Legendre coefficients. reflects qualitatively the resonance
structure. The fact that all coefficients up to and including A5\ show a strong peak

near 1690 MeV indicates the presence of D, and F. resonances. Furthermore,

5 5
the absence of any rapid' variation or change of sign of A5 implies that the D5 and

F5 have a constant phase difference near the resonance peak.

3

The similar bump in A1 can be attributed to interference of the D3 with a P1'°

sign change in A3 reflects interference of the DéWith the P3 resonance. (They

are more than 90° out of phase here.) Finally the fact that A 4 is consistent wifh

and D5, (i.e., these waves must be

The presence of a D, resonance is signaled by the bump in A‘2 near 1520 MeV.

The

zero implies zero interference between D3

about 90° out of phase).
VI. DISCUSSION

While the Legendre eoefficients indicate qualitatiVely the behavior of the

dominant partial waves, more precise quantitative information is obtained from

phaSe shift analyses, The ‘dynamics' of the interaction of a ’pion'with a nucleon

are contained in the partial wave amplitudes Tj J=4% —21— . It is the behavior of
these arr‘nlal'i:tudes‘which a phase shift'analysisl seeks to discover. The first step

is thus to eelect s"om'e para.rneterizatiOn_ for these ampliﬁxdes. The T-matrix

12 -



elements are related to the center-of-mass. scattering amplitude through the
following relations 30

M =£(0) +g(6)oen-
‘where o

£(8) =

‘ Pth-t

Z{(E+1)T +!ZT} P (cos 6)
and

_ g(9) - % ; ( ) pl (cos »0)

£(0) and g(6) are the spin non-flip and spin-flip seatteriné 'a‘mpllt’u‘des_,‘

‘The _differential: cross seotion and polarization are then given by:
| T2 2
FLEm 1ef
1D =2Re(f*g A,

where

The cross sections and polarizations predicted by the given parameters are com-
pared with the exper1mental data and the parameters adJusted untll a good fit is
obtamed At the same t1me the parameters may be constramed by theoret1cal
mput ' For example, all phase sh1ft analyses requ1re the parameters to satlsfy
some form of un1tar1tyo ‘ » | |
There are two main types of phase sh1ft analyS1s - energy 1ndependent and
energy dependent Examples of the former are Saclay, 1 Berkeley and the CERN
analys_ls, whlle Roper, 4 Ch1lton2 and Glasgow31 are examples of the latter type

of analysis. The different methods are reviewed and compared elsewhere.

-13-
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In Fig. 15-18 our elastic cross section, and the diffe_rential cYoss section at
six typical enérgies (shown by arrows in Fig. 15, 17) are compared to the predic-
tions of the various phase shift analysis. In F1g 15 the CERN solutions are
shown. The comparison of CERN-Theoretical with the data has already been dealt
with extensively in the literature,33 while CERN-Experimental is seen to repre- |

sent the data well, both in the cross section and the differential cross section

' (Fig. 16). In Fig. 17-18 the predictions of the Saclay, Berkeley and Glasgow

work is shown to represent the data fairly well.
~VI. CONCLUSION

The new elastic scattering data presented here confirms the general behavior
shown by previous experiments. Because this experiment spans a wide energy
region in a systematic way, it offers useful information for phenomenological

analysis of 7N scattering.
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~ TABLE CAPTIONS. -
S=0 Baryon l_i_;esona’n"cve.s |
Magnet Currents and Central Field Values
Ev_en‘t‘s 1.3.r00es‘s:e;cl at Each Enér_gy | |
Azi_m_uthaLI CbrreCtibn ‘Faéfcofs and Errors
Leéehdré Polynomial Coefﬁc ients

do —" »' o T
- Zn AyPpleos 6) |

=19 -



- 02 -

Pll(1u7o)

ES

TABLE I
" 8 = 0 Baryon Res

onances |

I = 1/2 States

Ph2221§:§£t* D)4 (1520) 81, (1535) D, 5 (1700) D (1670) F15(1688)
M T X M r x | M RS x | M T X M T b4 M T X
1 k70 255 0.68 1510 125 0.54 (1535 155 - 1680 135 0.41 {1690 . 110 0.64 -
2 1505 205 0.68 |1515 110 0.54 |1515 105 - Possible 1655 105 0.41 |1680 105 0.64
3 Definite 1526% 114% 0.572[1548% 116% 0.326% Possible Definite 162% 132% 0.68%
L 1L66 211 0.658[1541 149 0.509{1591 (268) 0.696| - - - [1678 173 0.3911687 177 0.56
5 1470 211 0.66 |1520 - 114 0.57 |1550 116 0.33 [L730 1680 173 0.391] 1690 132 0.68
6 1466 211 0.66 1526 115 0.57 [1540 160 0.3 1680 1678 175 0.391]1692 130 0.68 -
7 162 391 0.49 [1512 106 0.45 [1502 (36) 0.36 | Not Present 1669 115 0.50 [ 1685 104 0.54
8 1436 224 0.46 [1512 125 0.49 |1499 53  0.35 | Not Present 1667 115 0.k3 [1684 123 0.5h4
- Average [1hes 2Ll 0.61 |1520 120 0.53 |1535. 118 0.39 [1705 1672 12 o.42 |1688 127 0.62
* +19 62 +.09 .ilo +13 +.04 | 128  £35 i.lh. +25 $10 29 +.04 | k4 022 *+.06
s, (1700) P, (1780) P, 5 (1860) F.o (1990) D, (2040) 6,7(2190)
M T X M IN X M T X M r - x M - T X M T X
1 1710 260 - Probable Ambiguous® b b b
2 665 110 - Probable Amb iguousb b b b
3 1709 300%0.786] Probvable Ambiguous” D B b
b - - - 1751 327 0.32 |1863 296 0.207 1983 225 0.128]2057 293 0.26 |2265 298 0.349
5 ;710 300 0.79 |1750 327 0.32 [1860 2% 0.21 | - - - |2030 290 0.11 {2190 300 0.35
6 | 1709 300 0.79 {1860 270 0.32 |]1900 325 0.25 [1995 250 0.09 (2040 240 0.15 |2265 300 0.35
7 l766  hok 0.56 [1770 445 0.43 {184k Lhg 0.0 | o b (1906)°(319%(0.114)°¢
8 1671 121 0.51 |@867) (525) 0.30 [1854 307 0-26 c b c
9. - 1860 - - lpooo - - l2030" - - - | 2000
Average [1706 . 256 0.69 |1783 350 0.34 [1864 335 0.27 [1989 238 0.109{2039 274 0.17 {2180 299 0.350
+ +31 498 .13 | 445 263 £.05 | £17 58 .07 | #6 12 +.019| *11 2k £.06| %35 2 +.001




. =13 -

TABLE I (cont'd.)

5 =0 Baryon Resonances

I = 3/2 States

PhZEZligigt* 331 (1650) P33 (1690) D33'(167o) F35 (1890) P31 (1910) D35 (19§Q)
M r X M r X M r X M T ble M T x M r X
1 1695 250 - Ambigﬁous Possible Possible Ambiguousb Ambiguouéb
2 1650 130° - Ambiguous Possible Possible Ambigudus’b Am.biguousb
3 Definite Possible Ambiguous Probable Probable? b '
b 1635 177 0.284]1688 281 0.098 (1691 269 0.14 {1913 350 0.16 [1934 339 0.30 1954 311 0.15k4 |
5 1640 177 0.28 [1690 281 0.1 [1690 269_ 0.14 |1910 350 0.16 [1930 339 0.3 - - -
6 1635 180 0.28 {1690 240 0.08 [1690 300 0.13 {1910 380 0.15 |1930 425 0.25 [1970 400 0.12
7 1670 141 .0.28 | Not Present 1649 188 0.12 (1841 136 0.2 {1914 290 0.18 b
8 . 1623‘ 140 0.25 | Not Present 1650 17k 0.13 (1852 150 0.19 [1834 231 0.24 b
9 s | " | f1950 - -
Average 1650 151 0.27 |1689 267 0.93 |167% 240 0.13 |1885 273 0.17 |1908 325 0.25 |19586 356 0.1k
t 23 89 *.,12 | #2 19 £.09 | ¥20 #50 *.01 | *32 $107 +.02 | 38 #64 .04 | = hh +.02
F.. (1950) P_. (2160) % S
37 33 See Ref. 12. for various phase shift analyses
M T x M T x ( )Values in parentheses have not been used in the averages
L 1975 8o N . (a) gii;ziegzzt?i92¥)?ogélig;{ rappo?teur talk at Heidelberg\
2 1980 140 - b () This state. is very close to or beyond their highest energy
3 Definite Possible_b (c) Glasgow A has a G17 state at this mass, Glasg6w>B‘may'have an
L 1946 221 0.386|. F17 and a Gl7;'however, this energy is very close to their.
> 1950 221 0.39 highest'energy.
6 19k6 220 0.39 |2160 260 0.25
T 1935 221 0.51 b
8  |1935 212 0.39] b
Average |1952 202 0.4k |2160° 260 0.25
+ ¥19 429 .07 - - -




TABLE IT

Field (XG)

' Magnet Currents and Central Field Values

- 92 -

Chamber I(amps) . Momentum Range (MeV/c)
T2-inch 2,400 10.254 956-995
2,600 11.025 1004 -1.024
13,102 13.85 ol
3,690 14 .54 - 102h-1042
4,600 17.77 1125-117h
30-inch 12,000 20.98 . 556-853
' 20,000 32.566 853-1602



tabbr 111

Events Processed &t Eacl Erergy

. 4-C Events 1-C nnnt events | 1-C prnx events

Exp.o‘sure‘ ; .Ec.m(Me_V) , pj]f;b(MeV/c) X2 < 14 xe_s 8 X2 <8
30"HBC (T) 1406 556 648 255 80
1o 609 500 215 ge

1472 T 660 1110 418 245

1kg6 699 1854 6715 %99

1527 750 . 2337 - 832 701

1556 797 826 ko 27
1589 - | 853 997 579 387

1709 1067 1141 585 - 4oo

1730 1105 1954 1046 836

1762 1165 2030 1231 899

30"HBC (II) 1811 1259 154 1096 - 651
‘ 1843 130 2777 2172 1337

1872 1381 2920 2k 3 1568

190k hkk 3160 2616 169k

1935 1509 1606 1288 886

30"HBC (I11) 1720 1084 687 392 262
1761 1161 1200 786 L 88

1787 1212 1210 798, L76
1806 1250 292 188 122

1821 1278 © 17k0 1098 687

1853 1340 2213 1649 979

1885 - 1404 2392 1970 1180

1916, 1469 3792 3203 2105

1933 1503 1972 1735 1177

1963 1567 hi13 3512 2405

1980 1602 3957 3416 2458

X <7 X~ <7

T2"HBC 1628 o2k 537 358 200
1647 956 5482 3169 1968

1660 979 2697 1430 879

1669 995 5127 2562 1603

1674 100k Lo66 - 2673 - 1568

1685 1024 4398 | 2281 1409

1695 1042 2206 _ 1299 871

1740 1125 3594 . 2259 1786

1766 1174 1733 1120 854

TOTALS | 51,477 33,880

79,911
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TABLE IV

Azimuthal Correction Factors and Errors

T, )

cos® (ﬁ;ut’ ine
E, 0.9 to 0.95[0.8 to 0.9]0.7 to 0.8]-0.8 to 0.7 -1.0 to -0.8
(Mev) ’ '
06 | 1.50 1.25 1.10 1.08 L 1.02
t0.20 +0.10 +0.08 +0.0k4 +0.08
1440 1.50 1.25 1.10 1.08 1.02
$0.20 %0.10 +0.08 0.0k +0.08
1472 1.50 1.25 1.10 1.08 1.02
*0.20 $0.10 +0.08 0.0k +0.08
1496 1.45 1.20 1.02 1.05 1.02
.18 *0.08 - 0.07 +0.04 *0.10
1527 1.45 1.13 1.10 1.01 1.10
+0.14 +0.07 +0.07 +0.03 +0.10
1556 1.60 1.25 1.12 1.06 1.10
.22 %0.10 *0.10 0.0k $0.13
1589 1.60 1.25 1_1é, 1.06 1.10
£0.00 £0.10 £0.10° $0.04 £0.13
1628 1.30 1.08 1.12 1.0 1.18
£0.20 $0.12 £0.20 *0.07 *0.18
© 1647 1.28 1.08 1.05 1.05 1.14
} £0.06. +0.04 $0.05 *¥0.03 +0.06
1660 1.14 1.02 1.01 1.05 1.17
*0.07 +0.05 +0.07 *0.04 +0.08
1669 1.22 1.07 1.04 1.04 1.16
+0.05 +0,0l +0.05 +0.03 +0.07
167k 1.17 1.08 ©1.00 1.11 1.15
£0.05 £0.04 10.05 $£0.03 £0.07
1685 1.29 1.07 1.07 1.05 - 1.12
+0.07 £0.05 *0.06 +0.0k £0.06
1695 1.25 1.13 1.07 1.02 1.0k
+0.08 *0.06 £0.08 +0., 0 +0.08
1709 1.30 1.08 1.05 1.03 1.10
*0.10 +0.05 +0.06 +0,04 +0.09
1720 1.22 1.04 1.02 1.10 1.00
£0.10 £0.07 0,08 £0.07 - *0.11
1730 1.30 1.08 L 1.05 1.03 1.10
0.10 £0.05 *0.06 +0.04 £0.09
1740 1.24 1.10 - 1.05 1.07 1.20
+0.06 0.0k +0.05 +0.03 +0.09

[
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TABLE IV (CONT'D)

Azimuthal Correétion Factors and Errors

Ty

cose'(ﬂout"ﬂlnc - |

o 0.9 to 0.95 0;8‘£o 0.9] 0.7 to 0.8]-0.8 %o 0.7 | -1.0 to 0.8 _

_(Mev) e , | | _ -
1761 1.22 1.04 1.02 1.10 1.00
. £0.10 £0.07 +0.08 +0.07 +0.11
1762 1.19 1.13 1.03 1.07 1.17
+0.07 +0.07 +0.06 +0.04 +0.10
1766 1.18 1.06 1.04 - 1.01 1.:20
+0.08 +0.06 +0.07 +0.05 +0.15
1787 1.11 1.08 1.05 1.05 ©1.01
| +0.07 +0.05 +0.06 0.0k +0.10
1806 1.11 1.08 1.05 1.05 1.01
+0.07 +0.05 +0.06 +0.04 +0.10
1811 S 1.18 1.05 1.09 1.00 1.00
+0.11 £0.07 +0.09 +0.05 ©+0.11
1821 1.11 1.08 1.05 1.05 1.01
+0.07 +0.05 +0.06 +0.0k4 +0.10
1843 1.17 1.07 1.10 1.06 1.07
| +0.06 +0.05 +0.08 - $0.05 +0.11
1853 1.10 1.02 1.07 1.06 1.0k
+0.07" _#0.05 +0.08 +0.05 +0.13
1872 1.10 1.05 1.10 1.03 1.05
+0.06 +0.0k +0.07 +0.04 #0.10
1885 1.12 1.05 1.04 1.06 1.10
+0.07 +0.06 +0.08 +0.06 +0.1k4
1904 1.05 1.06 1.09 1.04 1.11
' .05 +0.04 +0.07 +0.04 +0.14
1916 1.25 1.08 1.15 1.11 1.00
+0.06 +0.05 +0.08 $0.05 +0.11
1933 1.16 1.13 1.16 1.10 1.12
+0.08 +0.06 +0.10 +0.06 +0.20
1935 1.08 1.00 .1.08 1.10 1.15
, +0.08 +0.06 +0.09 $0.07 +0.25
1963 1.12 1.07 C1.01 1.05 1.15
+0.05 io;os +0.01 +0.04 +0.15
1980 | ‘1.22 1.20 1.10 1.09 1.05
#0.06 +0.07 +0.08 0 . Ok +0.15
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TABLE V

‘Tegendre Coefficients

do _ -
Eﬂi ~§:n AnPn(COS 0)

Ecm(MeV) 1406 1kko 1472 1496 1527 1556 1589 1628 1647 1660
gzz g??rgy 1394 | 1428 | 1ws6 | wee | isie | ks | 1576 | 1616 | 1632 | 1648
gi%hogﬁergy-1u18 wse | 1486 | 1510 | 150 | 1568 | 1602 | 1640 | 1662 | 1672

A 0.82 1.02 1.22 1.52 1.58 1.19 1.15 1;50’ 1.72 1.84
e +0.05 | £0.08 |*0.06 | £0.06  |+0.06 | +0.08 |*0.07 |=%0.11 |+0.0k |%0.Ok
A 0.61 1.09 1.48 2.23 2.45 1.45 1.22 1.43 1.85 1.85

i} +0.12 | *0.19 [%0.16 | *0.15 |[=#0.15 |[*0.19 |#0.17 |[*0.26 |#0.09 [=#0.13
A . 0.54 1.31 1.66 2.42 2.61 1.52 1.69 3.04 3.65 4,06
2 $0.17 | #0.27 [%0.22 | #0.21 |%0.20 | #0.27 *0.24 | +0.36 [+0.12 [+£0.17

A -0.46 | -0t |-0.08 | o1 | 0.69 | 0.%6 | 1.0 | 2.21 | 3.17 | 3.57
3 t0.21 | #0.31 |%0.25 | +0.24 [+0.22 | £0.30 [%0.25 | *0.38 [+0.12 [%0.17

A -0.16 0.00 0.03 0.07 {-0.10 | -0.30 {-0.14 0.78 1.16 1.26
b +0.19 | *0.27 |£0.21 | +0.19 [+0.18 | +0.25 |+0.21 | +0.30 [%0.10 |*0.14

A 0.00 0.20 0.08 0.20 0.07 0.39 0.39 1.11 1.72 1.82
5 t0.17 | ¥0.23 [#0.17 | *0.15 |#0.1k | £0.21 |%0.18 [ *0.30 |=£0.10 " +0.14

Ag
X= 13.37| 16.18 | 6.85 | 9.21 | w.00| 10.31 ] 12.7 | 9.75 | 11.89 | .86
<x2> 13 13 13 13 13 13 13 13 1k 1h

izsgidigge b2.0 | 23.9 | 91.0 | 75.T | 37.h | 66.9 | k7.2 | TL.L | 61.5 | 98.8




TABLE V (Cont'd)

" Legendre Coefficients

do ‘
30 =Zn‘ AnPn(COS 0)

B 1669 1674 1685 1695 1709 1720 | 1730 1740 1761 1762

gzz g??rgy 1656 | 1658 | 1670 | 1680 | 1696 | 1708 | 1716 | 1722 | 1750 | 1748

gi%hoﬁ?ergy 1682 | 1690 | 1700 | 1710 | 1720 | 1732 | 174k | 1758 | 1772 | 1776
A 2.10 1.93 2.09 2.07 1.88 1.55 1.43 1.46 1.09 1.19

0 +0.05 | +0.04 |20.06 |+0.07 |%0.09 |£0.11 |+0.06 | +0.04 |+0.06 |#0.04

A 2.42 2.13 2.44 2.69 2.67 2.35 2.07 2.30 1.68 1.89

1 0,11 | £0.11 | 20.16 | +0.18 | *0.24 }+0.28 |+0.16 | *0.10 |[%0.17 |[|#0.11

A 4,9k 4,38 5.07 5.22 L.75 3.95 3.40 3.65 2.61 2.86

2 +0.15 | £0.15 | *0.21 |*0.24 |+0.31 }#0.38 |#0.21 | £0.13 |#0.22 |[%0.15

A b .50 b.ok Lk h.77 4,10 | 3.k5 2.98 3.01 2.26 2.38

3 H+0.15 [ 10.17 | 20.23 | x0.27 | *0.34 |[+0.kh |+0.23 | x0.15 |+0.25 |%0.16

A 1.83 1.64 2.00 2.18 2.01 1.69 1.37 1.62 1.08' 1.29

4 t0.12 | ¥0.17 | £0.22 |*0.25 |#0.31 |#0.k2 |z0.21 | +0.14 [z0.24 |%0.16

A 2.13 | 1.98 | 2.08 | 2.16 | 1.53 | 1.20 | 1.07 | 1.06 | 0.80 | 0.72

5 H+0.12 | *0.13 | +0.15 | +0.17 |*0.22 |%0.30 |#0.16 | #0.10 |[%0.18 [=0.12

A 0.14 }-0.04 | 0.17 |-0.28 0.32 §-0.37 | -0.14 [|-0.1k |-0.17

6 +0.13 | +0.15 |+0.17 | +*0.21 |*0.29 |+0.14 | *0.10 |*0.16 |#0.11

x2 20.09 | .75 ] 1W.91| 9.23 9.86 .78 1 6.52 10.45 1 8.83 15.1

o8> 1k 13 13 13 - 13 13 13 13 13 13
iZSﬁidence 12.7 32.3 31.3 75.5 70.5 32.2 %.5 65.7 78.5 30.2
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"TABLE V (Cont'd)

Legendre Coefficients

o« ,
.a%-l =Zn AnPn(COS 0)

. 1766 1787 1806 1811 1821" 1843

1872

Level

Ecm‘ 1853 1885 190&
gzzlg?grgy 17sh | oa7rh | 179% | 1796 | 1808 | 1828 | 1838 | 1856 | 1872 | 1890
e Brevel 1778 | 1800 | 1818 | 1826 | 183 | 1898 | 1866 | 1888 | 1898 | 1918

A 1.25 0.99 1.06 1.10 1.02 1.04 0.99 1.00 | 0.98 0.95
0 +0.05 | £0.05 | *0.09 | #0.05 [#0.04 |#0.0k |=*0.04 |*0.03 [%0.04 |=20.03
N 2,08 | 1.62 | 1.82 | 1.82 | 1.71 | 1.80 | 1.67 | 1.73 .| 1.7% | 1.74
1 +0.13 | £0.13 | £0.22 | #0.13 |*0.12 |#0.10 | *0.10 |#0.08 |z0.11 | *0.08
A 3.15 2.33 2.76 2 .64 2.38 2.52 | 2.3 2.37 2.39 2.36
2 +0.18 | ¥0.17 | *0.31 | *0.18 |#0.16 |*0.13 | 0.13 | £0.11 |#*0.15 | 0.1l
A ' 2.73 1.94 2.35 2.30 2.1k 2.28 2.17 2.31 2.37 2.40
3 +0.20 | *0.19 | +0.35 | *0.19 -{+0.18 | =*0.14 | 0.1k | #0.12 |+0.16 | +0.11
A‘ 1.61 0.79 1.28 1.26 1.12 1.31 1.32 1.45 1.60 1.67
4 *0.19 | 20.18 | #0.34% | £0.18 |[#0.17 |%0.13 | *0.14 | £0.11 |#0.14 | *0.10
. Au- 1.03 0.41 0.6k 0.53 0.50 0.61 0.52 | 0.56 | 0.6h4 0.76
5 £0.14 | +*0.14 | *0.26 | #0.14 |*0.13 |*0.10 | £0.11 | £0.09 |#0.11 | *0.08
A 0.07 | -0.29 | -0.03 | -0.11 |-0.10 | -0.06 | -0.03 0.11 0.21 0.25
6 +0.13 | *0.12 | 20.25 | *0.12 |[%0.11 | *0.09 | *0.10 | %0.08 |%0.09 | *0.07
X? 13.73| 12.85| 12.20| 9.71 7.38 15.87 | 9.ko 9.69 8.3 | 10.67
o> 13 13 13 13 13 13 13 13 13 | 13
|Confidence | 55 o | )5 6 | 51,0 | 71.8 | 88.1 | 25.6 | s | 71.9 | 8.1 | 63.9




TARLE V. (Cont'd)

Legendre Coefficients

d. N A\
-a—-g =Zn A_nPn(cos 6)

- 62 -

E_ 1916 1933  19% 1963 1980
Eﬁ? g§§?gy 1902 | 1017 | 1920 1948 | 1906
noen Thereagz0 | agk7 | 1950 | 1978 | 1994
A 1 0.87 0.93 ‘0.83 | 0.81 | 0.78

0 f£0.03- | £0.04 | 0.0k | £0.02 #0.03
A 159 | 179 | 153 | 156 |16

"1 F0.08 [%0.10 | #0.10 | #0.06 |#0.07 -

A l2.05 | 20 | 2.02 | 2.09 | 2.01
2 p0.11 {#0.h | #0.14 |£0.09 | #0.10

A 1213 | 255 | 2a3 | 220 | 2.5
B 0.11 | +0.15 | $0.15 | $0.09 |%0.10
A 1.37 1.79 147 | 1.65 | 1.59
L }0.10 |20.13 | $0.13 | £0.09 |20.09

A 0.52 | 0.87 | 0.68 | 0.84 | 0.80
‘5 p0.08 [ £0.10 | £0.11 | $0.07 | *0.07
A 0.20 0.41 0.34- | 0.45 0.37
76 t+0.06 | £0.09 | +0.09 | +0.05 | =*0.05
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1.

‘The shift toward the negative S1de is expected in such m1ssmg mass plots.

" FIGURE CAPTIONS

Scope of the present exper‘iment. Solid llnes mark energles Where data has

been analyzed Dashed l1nes mark energies to Wthh the exper1ment will be

extended

Argonne beam opt1cso

-(a) - (b) Vert1cal and hor1zontal planes of the opt1cs used for the second

“and th1rd exposures,

(c) S1mp11f1ed mode used for the first exposure.

Berkeley beam.

~ 7/

Beam track pull quantities for each exposure:

(a = (c) 30-inch HBC

() 72-inch HBC.

Mlssmg mass squared in the reactlon T p- 7r pmm for the 4C elast1c events,
19

Center-of mass energ1es from 4C events for typlcal roll reg1ons of the film.

Shadmg indicates the data used in the analys1s

Number of events of the three reaction types processed at each energy,

X 2 distributions for each exposure:.

(@ - (0 30’>-inch HBC

(d) 72-inch HBC.

Smooth curves are the scaled_ theoretical distributions .norm.aliz‘e.d to the
total number of euents, | | ' |
Ammuthal a.ngle for forward m1ddle, and backward reg1ons of p1on product1on
angle. « is defmed as the angle between the normal to the scattermg plane

and the camera axis.
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10.

11.

12,

13.

14-

150.

16.

17,

" 18.

tr‘_p elastic cross section measuremients of Duke et _a;i_. s 20 ‘Hella'nd et al.,

51

Ogden et al,. s 22 and this eXperiment ‘The lower curve is the cross section

: mtegrated over the reglon used for normahzatmn, ~0.8 < cos § < 0, 7 “The

arrows mdlcate energles chosen for comparlson of d1fferent1a1 cross sections

- with the results of phase shift analyses.

T p d1fferent1a1 cross sections measured in this experiment. Smooth curves

| represent the best f1t by an expansmn 'in Legendre polynom1a1s, "

Legendre coefficients from fit to T p d1fferent1a1 cross sections,
Forward T p elast’ic cross section measured in this exp'eriment The smooth

24

curve is calculated by Carter” usmg d1spers1on relatlons and the total T p

cross sectlon measurements of Carter et al.

Total 7 p cross sections measured by Carter et aL , 25 ]3erkeley,26 Princeton,27

Saclay (1961) , and Saclay (1966) 29.

T p elastlc eross sect1on measurements of Duke et al., 20 Helland et al. ,21

Ogden et al. s and th1s experlment. Solid and dashed lines re‘present the
RS P ‘elastic cross sect1on predxcted by CERN-EXPT and CERN-TH phase shifts,
' respec‘uvely., The arrows indicate th'e energies chosen for diffe'rential Cross

sect1on comparlson.

7 p differential cross section at six -'energ'ie‘s measured in this experiment.
Solid and dashed lines are the predictions of CERN-EXPT and CERN-TH
phase sh1fts.

1. o o 6 31
T p elast1c cross sect1on predmted by Saclay, Berkeley, and Glasgow,
compa.red to the same data as Fig. 18.
T p dlfferentlal cross sect1on predxcted by Saclay, ];3erkelely,6 and Glasgow, 31

compared to the exper1menta1 data,
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