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. readers not expert in this field can still follow the

arguments.

The elastic differential scattering of a particle o by another particle
| £
p when both are spinless can be completely described in terms of a function o
the
the usual Lorentz invariants s (the square of the total cms energy) and t (

negative of the four momentum transfer squared) as illustrated by the following

Feynmann scattering diagram. S
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- absorbing disc or sphere and for this case:

where s = (Pq + Pp)° = (Eg™ + Eg™) = m + “‘sz" 2mg Eo'?® assuming B (2)

at rest in Lab and t=(Pq + P5)°= -2(P°™)° (1-c086 Mg ¢¢) where P is the (3)
four momentum. The third usual invariant ufg(PB + P&)a is determined by the (&)
other two and any two of the three can be treated as independent veriables.and
then can be used to determine the third. The invariant scattering amplitude
can then be expressed by a complex function of s and t, namely A(s,t) so defined

that: dogy g¢ (s,t) = lmmba/salA(s,t)Iz 4=/A1 (s,t),*’ where A(s,t) = Ap(s,t)+ Ai(?gg)

" Then the optical theorem states that:

Ai(s,O) = s/8nmb o¢(s) and therefore E . (6)

. , ) ‘ _ |
d ,00 > 1 o (8) do(s,0)/ dt . ' €]
Oe1/de(5,0) T6n [t. "j . / opt o .

The L. H. S. of (7) becomes equal to the R. H. S. when A (s 0) = 0 and

then dge](s,0)/dt = T[j}(sil__ do (s, o}//;topt All evidence to date and the

o
new data to be presented in this paper are consistent withfA;(s,0 ‘;i> Ape (s, Or

at high energies (R 10 Bev). do/d%pt has been well dete ned by the many total

cross-section experiments(lo’ll’lz).

The two most generally considered theoretical forms for A(s,t) have

(1)

been based in earlier work.on the optical model and in the last two years on

the Regge Pole Theory(z). The simplest version of theloptieai model is the black

dO/d/L R. JI(PRSine)/
Sin® l

" where R is the radius of the interaction. We now transform this into the Lorentz

1nvariant form which for small angles becomes:

'dc/dt'""Re J (R fit S (9)
€ .

For R 1 fermi or less and t ~.0 3 we can use the Gaussiqn approximation

and we obtain: v v
, a 2 B
R ¢t ..
2

. . t -R
do/de ~ R /G e 6‘) ; do/dtopt e (10)

i
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A If we have a paftially transparent but uniformly absorbing disc or

sphere such that the fraction of the incident wave absorbed at the distance r,

namely a (r) is within the nuclear radius a positive constant and no change of

phase'occurs, a(r) = a for r f %)a(r) = 1 for r > R. Then formulae (9) and (10)
remain the same except the R. H. S. is multiplied by (¥ . .

Hence,

%x .
do/ge = nRz(%a Ja 6(5’“:_5) ~ do/dtopt e"% t ' (11)
For a Gaussian pQré gmagin ‘51 Bsorbing potential a similar form would
correspond to the r.m.s. radius. Therefore, the R determined.'from eq. (11)
. is a rglatively good way to phen#menollogically defiqe the effective radius

of the interaction from elastic scattering experiments. Once having défined

a radius we can better define an effective opacity 0 in the following way:

0 = (ottot - Tel) =(o inelastic) ' o
' n? . m (12)

(Since in this case, the ‘definition of 0 does not ﬂepend on phase ehift'in the
transmitted wave). |

Until about fﬁolyears ago it was generally believed thap at incident
energies 2 10 Bev, R 1n‘eq. (10) was not a:function of s or that the s dependence
was very weak and‘thaf fét any incident barticle(doél/d;)a,ﬂ;wgba,s (t); otOtd’B.
'a:constaﬁt. Then the relativistic Regge pole tﬁeory was developed by arbitrarily
ad0p§1ng the exact methods Regge introduced for describing non-relativistic
Schrodinger equation potenﬁial scattering by poles moving in the complex J plane
as a function of energy. Cﬁew and Fraggschi and othgrq(z)then associated a
Regge pole trajectotry with all particles and Qynamic resonances and developed

a reldtivistic Regge pole theory using analytic continuation and generalized

. crossing symmetry. For a single Régge pole* at high enough s originally estimated’

to correspond to 2 10 Bev/c incident particle momentum and low t they obtained the

2a(t) -2
expression dogy/, . = f(t:)(g_) where
So '

*Note no spin effects are included and,separatevhon-spin'flip and spin flip ampli-

Atudes are replaced by one spin averaged amplitude.
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the original estimates of a(t) = l-t(Bev/c)z. This expression differs (13)
from the usual perfurbation theory or dispersion’'theory pole forumula since the
o which represents the spin of the exchanged particie is now a decreasing func-. .

tion of t rather than a constant.

As a result of. the crossing symmetry the o corresponds to a polg in
. the t-channel, of energy + t, whereas in the physical scattering region s-channel,
t S o. It is clear from the aone equation that the highest lying trajgctories'
(i.e., those with the largest values of a) will be most import;nt. Due to the
constancy of p + p total crossisection above, 10 Bev/c and the slow s variations

of other cross sections, the dominant pole must obviously have o(0) ~ 1 and the

vacuum ﬁole or Pomeranchuk Pole was introduced and assumed to be dominant
in all strdng interactions at high enough energy (originally estimated to

. correspond to 2 10 Bev/c, incident particle momentum) with the usual assump-

tion of parallel Regge trajectories.

The next highest lying trajectories would obviously be the vector mesons p

and w, Fig. 1 shows the most important Regge trajectories for - forward elastic

scattering. Tﬁe p and w and a second vacuum trajectory f' (introduced by Igis
were developed intoja three-foﬁr pole model in which the vacuum pole‘predominatéd )
% i . and all total cross-section data were explained reas;nably well.
. It was shown that for the three pole model (3)
do/4¢ = F(s,t)/s 2a(t) ;2 where the a(t) defined by (14) is an (14)

so
.equivalent one pole a which for p + p interactions differs only slightly from the

e e,

vacuum pole a and F(s,t) has on the average only a weak 's dependence compared to

Y TS T

the exponential term é dependence.*

| The assumption of the dominancg of the vacuum pole in all interactions

. o at high enough énergy led to the most striking b;ediction.bf<the Regge pole theory
that the average slope of the doel/dt curve should increase logarithmically with

increasing s in all interactions and so at very high energy the effective inter-

* One should note that at or verj near a(t) = 1 the exponential term is or approaches

unity and has no s dependence.
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dction radius would grow logarithmically while the transparency of the inter- -

acting region would increas in such a way that the total cross-section remained

the same.
To date this predicted effect has been observed(a) and definitely estab-
(5)

lished for p + p,interactions(s) but has definitely been contradicted for

m" + p and m + p elastic scattering in the 7-20 Bev/c range, and meither the
3) '
vacuum pole nor the three-pole model predictions have been consistent with
(5)

these new axperihents . i

Aﬁ equivalent one-pole analysis (eq4. 13 and 14) is a convenient way

to parametrically represent the s dependence of dcel/dt(s,t) irregardless of

the validity of the simple versions of Regge pole theory, and more complicated
possibilities including spin effects, other ‘poles, cuts, etc. can also be dis-

cussed conveniently in terms of the equivalent one-pole analysis.
- i

Elastic Scattering Experiments

The Brookhaven Counter Hodoscope Fxperiments. These elastic scattering
(5,6)

experiments by Foley, Lihdenbaum, Love Ozaki, Russell and Yuan used an ex-

perimental arrangeﬁenc shown in Fig. 2. Some of the earlier results of the ex-
periment have been published (5). From a momentum analyzed (%1.5%) ‘AGS beam one.

of the six particles ni, p,-E, KEof the incident momentum 7-20 Bev/c was selected -

by a gas Cerenkov counter telescope.and.allowel to.scatter in_a liquid hydrogen

tafget. Both the forward scattered particle and proton recoil were detected by a

crossed slab hodoscope scintillation counter system which defined 144 counter

- areas for the forward scattered particle and 484 counter areas for the recoil

and coveredi~ 10% of the availabe solid angle in the t range of ~ 0.2 to 1.0.

Another magnetic spectrometer setup to be described later was also used to obtain

data points at t < 0.2. Thé outputs from the hodoscope countérs-were fed to 96

fast discriminator gates which were opened simultaneously upon a ;uitably geneﬁated

trigger signal indicating a particle had struck each hodoscope. The 96 bits of in-
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*j formation specifying an event were then transferred through the gates and the
e
input stages of a digital automatic data handler to its magnetic core memory

which had sufficient-memory for 32 events per AGS pulse (~ 1.5-3 sec period).

Between AGS pulses these data bits were recorded on magnetic tgpe and simultane-
ously transmifted over telephone lines to the Brookhaven Merlin Computer for on-
line immediate processing according to a previously debugged program.

At the end of each data-taking period, the computer determined the
elastic scatteriné events by coLlanarity and kinematic angle requirements and
subtracted a background generally one to.a few per cent éor most of the t range
but for é few cases at highest .t values, it became as high as 30%.. The cémputer
then calculated for each of 12 f‘ranges, the absolute-elastic cross-section,

'do/dt and its statisti?al error. Except for second order.corrections, (such as
accidentals, exact normalization) slight changes in beam ﬁomentumlaﬁd angle measured
more accurately during the data run, and other small cor;ections; experimental

. values were available anytime for inspection upon computer print out command, and
also oscilloscope displays of the kinematic requirementsvand the associated elastic
scattering peaks were continuously available in our data trailef on the AGS floor.
Therefore, the restuls of the experiment were known as it was run. We were able
to 6btain at least 10,000-20,000 elastic scattering events/hour wﬁere beam rates
were high and'thiqArepresents more than one and perhaps two orde¥s of magnitude
;ncrease over previous experiments and fufthermore,~our systematic errors were
considerably smaller than for previoﬁa experiments; :For~further defaila of the

apparatus see (5) and (7).

- p + p and i + p Elastic Scattering

Figa.‘(3) and (4) summarize the results obtained for 7-20 Bev/c p+p

and Tt 4 p and T~ + p elastic scattering. The graph ordinate is proportional to

/ , : : T
defdt '(dg/du)opt with the normalization chosen for eonveniech so that the ordinate:
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equals dc/dt kfﬁxﬁev/si at 20 Bev/c. Corrections were made for beam contamination,
background, accidentals, pion decay, etc. The errors shown are compounded estimates
of relative erropywhich affect conclusions regarding shrinkage. These include sté-
tistical errors (standard deviation), relative efficiency errors, relative normali-
zation errors, uncertainty in background subtraction, and relati?e errors idtroduced‘

in calculating mean t values due to momentum and angle uncertainties. -

. The absolute normalization is estimated to be uncertain by 5% for p + p
agd about 7% for m + p. We believe a 107 uncertainty in absolute scale is a suf-
fi;ently conservative limit, with th@ relative scale factor between the two dif-
ferent types of incideﬁt particles uncertain to 5% or less.

The fits:shown'ate of the form do/4¢ = eﬁu§t+°t8 and the ¢ co-efficient
is always ‘positive, gnerally ~ 20% of the b co-efficient with an error < 1/4-1/2 the
co-efficient for each individual momentum, énd is ciearly statistically siénificant..
?hereforé, slope analyses and optical theorem extrapolation analyses of data which do

' not include the ct® term are unrealistic. Brandt et a}(s) have recently feported
a bubble chamber expe:imght on 10 Bev/c ﬂ"+'p'eias¢£c'scqttering dat#,'which.within
errors agrees with our 10 Bev/c data. Table I éummarizes éhe pa;aﬁeters obtained for
oME T 4 data.

Regge Pole Analysis

In the p + p case (Fig.. 3) one can obsérve a clear Regge type shrinkage

with increasing s or incident momentum of the do/g, dc/d‘topt fit curves, but in the

2
4 p case (Fig. 4) one fit ea+bt+Ct

independént'of 8 (or incident momentum) repre-

" seftgs the data well (x?‘of 63 where 48 iaiexpe,cted'fo'r'n+ + p, X of 51 where 47 is
e#pected for m”™ + p). Aalcan'be seen in Eig;'l, the v~ + p and mt + p fits are

K _ within errors ébo§t7the same at low t but there £3 ; sbme#hat greater average alopé in

the m~ + p- fit.

Both the one pole and three pole model (or multi-pole) model can be

P

. represented by an equation of the form: -

R T e e




o

-8-

log do/dt = log F (s,t) + f2a(t)-2]logs ¢15)

dd/d-';opt; )
where a(t) is independent of the choice of 8, which is absorbed in F(s,t), énd the
s dependeﬁce of F is absent in the one pole model and relatively weak in the three °
. pole model. Therefore, neglecting s dependende of F(i.e., equivalent one pole
analysis) the best way to determine a(t) at a particular t* for a set of dath'at
different s 'is from eq. 15 where the slope of the lina; least squares'fif gives
2a.(t) -2. The results of such analyses are shown in Figs. (5), (6), and (7).
We then let a(;) =_a‘+bt**and found good fits to éur data in all cases

as follows:

7-20 Bev/c o, (E) = (1.07 * .03) + (0.83 + 0.07)t (16)

| > 10 Bev/c - 20 BeQ/c'aP+p(t) = (1.0 iv0.05) + (0.65 £0.13)t (17)

(0.96 = 0.03) + (0.008 £ 0.080)t (18)

7-20 Bev/c o~ + p
i

ont + p = (0.96 + 0.04) + (0.086 £ 0.097) - (19)
consideéring P,.P', biapd w'poles,with spin averagea aﬁélitudes and parallel Regge
trajectories we cannot explain the above results. |

From the lack of an& difference within pt&tistical errors for an ™+ p
and angt 4+ p and the lack of or very slow convergence of‘the small difference of

total 1~ 4+ p and n+_+ P ctoés-section(lo)and the small difference éf total (p + p)-(n +p)
one can conclude that‘the p pole is relatively weakly_coupled and negléct ith¥¥*(3hb)
The @ has wrong G parity (= -1) and does not enter in nt + p case. The

remaining P and P' therefore both being vacuum poles would be expected to be. coupled
wiFh the same positive sign in nt + p and 17 + p. The relative amplitude of P' ‘and P

is fixed by total cross-section data. (10)

‘ In the p + p case the P' and w must have approximately.equal and opposite

imaginary amplitudes at t = o to give energy independence of o, (p + p) ébove 10 Bev/c

and the magnitude of these amplitudes is estimable from the difference of Oy (p+p)-0¢ (p+p)
: (il

*Second order- variations in t were interpolated out using the least squares fits to

" our data.

**a must not be assumed unity, since real amplitudes and changes in functional form
near t = 0, or .normalization errors in total cross-gsection data will affect a.

*kkOne shoul@ remember that we are talking about spin averaged amplitudes in regard
to total cross-section experiments, since {f one allows a vastly different non-

flip and spin flip amplitude, the total cross-section experiments onl
the non-flip amplitude. h : P y measure
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From the foregoing one would conclude that p + p and 7~ + p and

nt + p all would exhibit comparable shrinkage describable by a similar a(t),
which is obviously contradicted by the experiments and the Regge pole hypothesis

made above are incorrect.
The effects of more complex assumptioda‘(éeparate and arBitrarily

coupled spin flip amplitudes;.chts, more poles, etc.) can be more fruitfully dis-

cussed later.

K" + p Elastic Scattering

~ Fig, 8 presents our elastic scattering data for Kt + p at incident
momenta 7-15 Bev/c. The ‘data was treated in a similar fashion as for nf + p.
Since from the total cross-section data (12) it was concluded there is no momentum
. . 1 ) .
dependence in this momentum interval do/ 4, me?ev/c)ﬂwas plotted directly as the
ordinate without the previously used normalization. The léast squares fits shown

are of the previously used form do/4, = e&+bt+°t2Q

The results of the equivalent one pole ahalysis'fot a(t) are shown
in Fig.'Q.
D ' L : .
The 1east~sqqfes linear fit for a(t) = a + bt gave the result.
a(t) = (0.71 * 0.20) + (003 +A230)t - | -(20)

The error on a allows for ~~ 5% estimated uncertainty in the flatness

of the K" + p total cross-section and other systematic errors. The difference of

.a form unity is not considered significant.

The real teét of Regge type shrinkage is the b co-efficient in a(t) = a +bt.
This is so because any real amplitude varying with incident momentum or relative:
normalization error in either the incident momentum dependence of the total cross-

‘section or the doel/dt will sensitively change a form unity. However b.will be

. dmost independent of any normalization effect or change in real amplitude with in-

cidient moemntun* since it measures the change in shape of the differential elastic

*Provided there is no coupled 8 and t dependence.
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scattering curve as a function of s rather than the change in normalization and it
is therefore essentially only the bt terms in a(t) which gives the Regge shrinkage
effects. We see from eq. (19) that b is consistent with zero (i.e., no shrinkage).

The systematic part of the error in b can be well estimated to be a negligible

fraction of the error since the same apparatus and calibrations .were used as in

the very accurate p + p and w4+ p experiments. Therefore, statistical ' probability

considerations can be directly applied to this error, and we see that ~ 3.7 standard
deviations are required to obtain the same value of b as for p+pand only~ 1.8

deviations to obtain sy % the value of b as for p + p. Naturally negative values

- (anti-shrinkage) of b are just as likely as positive values since the mean value

is near zero. -

From the Regge pole theory point of ;1ew the K+ + p shrinkage behavior
was expected to be similar to p + p since the same Regge‘poles enter and the flat-
ness of the K+ + p total cross-section implied the same cancellation of w and P'
poles which was used in the p + p case, and the behavior of thg>K-‘+ p cross-section
also supports this.

Another interesting .point is that in the fits do/4, = ede (b +ct)t to

the data the average value of b + ct is comparable for positive and negative pions
and protons over the 7-15 Bev/c incident momentum range, wﬁereas for the Kt + p the
b + ct is considerably less (by about ~ 30%) implying that’the-Kf is a small particle.

The question of effective particle radii will be treated in more detail later.

5 + p Elastilc Scattering

_for all other interactions measured.

Fig. 10 preéents our data for dcell'dt for p +'p at 7.2,9.0 and 11.9 Bev/c -
(6) ‘

incident momenta' ‘. . The ordinate is do/g¢ do mb

dtopt‘(Bev/c)a
with the normalization chosen so that the ordinate is equal to dc/dt (mb/(Bev/c)a at
the highest incident momentum 11.9 Bev/c.

The average slope of the exponential fit {s considerably steeper than

3
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Fig. 11 shows an equivalent one Regge pole analysis. ‘The result is

a(t) = (0.79 0.36) - (1.39 * 1.36)t and due to the size of the error is clearly in-
p+p

conclusive.

S
el o,

K + p Elastic Scattering . )

Fig. 12 presents our data(6) for doel/dt (K™ + p) at incident

~ momenta of 7.2 and 8.9 Bev/c.
. .t
The average slope is comparable with that for pions and protons,

and considerably larger than for K* (see sect. on Particle Radii).

Effective Particle Radii

In the Introdiction we saw‘thét for t < .3 and R~ 1 ferﬁi.

The black disc or sphere or constant absorption disc Opticél model
.elastic scattering cah be gresented by do/4t = do/dcbpt'e'{g)at and that an ex-
ponential form would also correspond to a Gaussian potential. Hence R is a
reasonable definition of an effective radius!for the interaction. Unfortunately,

. 2
a+bt+ct and

our data exhibit signifipaﬂt c co-efficienté when we let do/d't = e
therefore R=4D(t) so that an effective radius should be défined as the slope of
the exponeﬁtial at a particular value t, R = b +2ct‘which:is expected to reflect
the average or effective behavior of the.radius and, of course; this t value

should be in the measured range.

We believe ‘that t &~ 0.1 to 0.2 corresponding to transverse momental of

g

~ 300-450 Mev/c (and d#stance ~ 2/3 to 1/2 fermi) is a reasonable compromise in -
averaging over outer -pion cloud and core ?egidns of the interactions, .and we ﬁse
t ~ 0.2 since in all cases, dur data extends down to, that region. Since a proton
target is common in all cases,‘we may for convenience, associate the radius of ‘the

interaction with the incident particle. -

*of a magnitude outside error in linear approximation for Goumssian potential
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Fig. 13 shows our p + p results for the exponential slope =
(b + 2ct)=>b + 0.4 ¢ -_:(5)2 at t%0.2. Errors'include statistics and (21)
estimates.of systematic zrrors.in the estimates. The lower energy data,
including estimates of the error in making comparison from linear fit
. (no ct® beam) is also shoﬁn.
The sloée of the exponential at t ~ .2 willibe expected t& only

; loosely reflect the Regge pole shrinkage effects with large errors since the

conclusions on Regge pole effects are based on all the data, not just at one t
value. We find a trend for a growth of effective radius with increasing momentum

as we would expect with relative values changing from 1.06 £0.04 £ (at 7 Bev/c)

to ~~ 1.18 £0.05¢f. The average effective radius ~ 1.14 £0.015f (7-20 Bev/g); A
similar plot for effective radii in m~ + p and m* 4 p is given in Fig. 14.

.Here we see no trend for change with incident momentum. The average’

;
4
A
!
;

v

effecitive radii for (7-17 Bev/c) n~ + p~ 1.11 * 0.018f

IS

" 4 b 1.05 i:o.oz_z'f

The difference in effective radii for mwt ; p aﬂdAn' + p 1s not con-
sidered nécessarily signficianc. As one can also note 6n the average (from 7-20 Bev/c)
; ' pions* and protons have -almost cohparable radii.
| Fig. 15 shows thg'effecéive radii'dedhged fpr Kt+p, K" +pandp+ P
interactions. ' | |

It is clear that p + p effeétive radius is much larger than oBserved

for pions and protons. For 7-12 Bev/c the averaée‘eff,:ad (p + p) = 1.35 £ 0.08f
@ - and may beAincreasing‘at lower momenta. . |

" The K~ + p'(7-9 Bev/c) on the other hand, has Rogg = 1.13 £ .04 and is
.comparable with protons. and pions* in size. The average Kt + P eff,radiue for
7-15 Bev/c is 0;55 % .04 and considerably smaller than the K~ or n%, T~ or proton

effective radii.

* At least for neggtive pions, since nt + p may have a somewhat smaller effective

radius.
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Hence to summarize the effective particle size, the E appears to be

effectively largest, then n~, w*, K~ and p (on average neglecting Regge effects)

" are all comparable, followed by the Kt which is the smallest.

Magnetic Spectrometer Setup for low t Data

The previously described hodoscope equipment (co-incigence setup)
selected elastic scattering events by kinematic iequitements (coplanarity and
kinematic angle) o&er the .t range ~ 0.2 to 1.0(Bev/é)a. For the lower t points
we used magnetic spectrometefsetup shown in<F1g. 16. Thié was nece;aary since the
recoil prétons stopped in the target at low t.

Hodoscopes H; and H; consisting of 28 and 80 respectively verfical
slab Eounters 6" x %" wide‘measured'the angle by which the. incident particle'was
scattered by the Hydrogen target in the horizontal plane'wjth a resolution of
£ 1 mrad. |

Hodoscope q? consists of crossed slab counters 2.5 inches wide by 30
inches long arranged in an array of 120" wide by 30" high measured both the vertical
and horizontal position of'the scattered particle after passing throug the analyzing

magnets. The momentum of the scattered particle was measured with a resolution of

'+ 1.5%. The triggering logic was arranged so that a particle was required to scatter

by 15«55 mrad, strike Hz and to have a momentum (>15-507 P incidént) depending upon
the scattering angle to open the'gates ftém the counters. Coding was used to reduce
the number of input pulses to 96 and the breviously descgibed datg handling system
and on line computer was used.

For those events having only one particle per hodoscope the space angle:.‘
and momentum of the'gcattered particle was calculated. The momentum spectrum of

(5 mrad)

the particles within each angular bin was calculated and generally showed

a peak at the proper elastic momentum =~ 5-10 fimes‘baqurouhd. L e
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The on'line computer totaled the number of possible_elastic particles
at the right momentum in each bin, calculated and subtracted the background, cal-
culated absolute cross-sections do/4¢, its statistical error and the mean t values
for the.bin. Final 2nd order corrections to the data,as previously,were made after
the expefiment.

Hodoscopes H, and H, measured incidnet beam direction to < 0.2 mrad.
The analyzing magnets‘were used to set and measuté beam momentgm.to < 0.2%, using
3 cente?ing counters near Hs . ;o far we have evaluated the data from this setup
only for p + p and W~ + p. Typical results at 2 momenta of the maghetic segup
aﬁd compared to the previous results (co-incidence setup) are shown in Fig; 17
(P + p) and in Fig. lé (n' + p); A single calculated rélative normalization factor
wéll within the‘relative normalization errors of the two setups was used. There is
considerable overlap of the two types of data especially at the higher moment; and
the agreement between these two systematically entirély different methods is very
good. Fits of the form do/4¢ = ea+b;+ct? are,shdwn to all the data combined at the-
two momenta and an intefmed;ate one. |

The three p + p fits show the well-defined Regge shrinkage increasing
with increasing t , whereas the m~ + p fits show no such effect, The random
wandering of the m~ + p fits at high_t just réflecte the poorer statistics in this

‘region. These and similar fits to all n” + p and p + p data will be used later to

estimate the total elasticcross-sections and do/ 4. at t = 0. We expect in the near
.fdture to complete the treatment of the low t (magnetic setup) data for nt, Ki; and

p incident particles.

Total Elastic Cross-sections

Having fits to.the data of the form do/de = e2tPt+ct] it is an easy

matter to assume this functional form and integrate* and obtain the total cross-

~sect;on. Naturally, both the overall accuracy of the result and the sjze of possible

. 1 . . . .
*The integration was carried to t = l(bev/q) The error in neglecting higher t contri-

“butions is estimated to be entirely negligible.

Bt Lo N ol B e e
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extrapolation errors are reduced by very low t points and therefore the data

obtained by the magnetic spectrometer method is particularly valuable in this

respect. So far we have evaluated all the data including the magnetic spectro-

18 . - .
4 : meter setup for the m + p and p + p so we will treat this data first.

Fig. 20 (a) shows the total elastic cross-sections we obtained from

s p+pand n + p data. All sources of relative error have been ineluded in the
A C

ke " error points but the absolute scale factor is, of course, uncertain by the same

i
41
)
A
4
kY
4

constant (5-10%) as for the difference of the cross-sections.
Results from other experiments in this momentum region are also shown

and it is clear there is a good agreement within errors. There is a sysﬁema;ic

trend in our p + p data for a decrease of the elastic cross-section with increasing

momentum, but this effect is either small or absent in our 1" + p data.

Fig. 19 shows o - for our p + and. T + p data and is suBstantially
el/o ot p+p

larger for p + p, implying the pion is more Cransparent.

AR R A

Altheugh (n + p) is not shown, it is estimatedéffom our co-incidence
setup data (t ~ 0.2 - f 0) that the cross-sections are similar o those for 1~ + p
but perhaps ~ 7% lower in value.

The elastic cross-sections for 5 + p, K+ + p~add»K- + p are obtained

?; from an'integration;of the co-incidence setup data only and are shown in Fig. 20(b).
The forthcoming final anlaysis of the magnetic spectrometer data for

» :' '~ these particles will provide better final Qalnes;

Optical Theorem

The optical theorem prediction in convenient practical units can be

SR Tl TS

expressed as éoldt mb/(nev/c)z L 20 051(°tot) (mb) where the equality applies

=0
.for no real part of the scatte ng amplitude.

Fig. 21 is a plot of a comparison of the extrapolation of our data (magnetic

4 . - . and co-incidence) and the optical theorem prediction by using the fits dcr/d‘:--e""""“""t

ER ey 3 S T

5 Aatamieta e AT
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and setting t = o. We have used our previous normalization method so that we plot

an ordinatea:(\dc/dt do and the normalization is such that the ordinate is

dtope
do/ g4 (mb/(Bev/c)z)at 20 Bev/c.

The 'dotted straight line then represents the optical theorem prediction.

The errors shown are relative errors only, and, of course, the same

absolute scale uncertainty (5-107) exists as for the differential cross-section data.

The T~ 4+ p data agree well with the optical theorem and show no signi-

ficant variation with incident momentum.

The p + p data, on the other hand, al*kough‘tﬁey agree well wifh the
optical limit in the region of 17- 20 Bev/c show a systematic tendency to be above
at lower momenta. Considering the absolute scale uncertainty, and the size of the
relative errors, and possible relétive errors as a function‘of momentum in thep + p
and ™~ + p total cross-section, we do not believe that the precision of the pfesent
analysis allows one to'definitely conclude that there is convincing evidence for a
real amplitude in the p + p case, when one considers all the possible systematic
errors. However, we shall fut;her investigat this poiﬁt*a ‘From an extrapolation

of the nt 4+ p co-incidence data we expect a similar result as for m~ + p, namely
consistency with the optical theorem. However, for a critical evaluation of U+ +p,

Kt + P» M + p and p + p in regard to the optical theorem we must ‘await the completion

" of the magnetic data aﬁalysis.

Opacity
Our data for the p + p case yields the . following approximate estimate for

the average opacity using eq. (12)
0~ 0.74 £0.022 and
For both positive and negative pions the average opacity is consistent

with 51.5 £{.03

N : . ¢
*Note added after Conference--See paper by G4réhanwhich reports observation of an inter-
ference effect between the coulamb amplitude and a real part of the p + p scattering am-

plitude for 6.5 and 10.5 §afc p-+ p interaction.
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For positive Kaons (7-15 Bev/c) 0 af).55 +0.04

_ For negative Kaons (7-9 Bev/c) 0 a{.51 +££.04 .
For anti-protons (7-12 Bev/c) 0~083 0,07

At 3.25 Bev/c 0 ~(96 +(105. (15a) .

Discussion
With the advent of the Regge pole theory it’was the great hbpe.of many
that finally a siﬁple ans defiaite prescription for two body final states at high-
enough energy had been fsuad. |
It was originally generally considered that perhaps in the neighborhood
of R 10 Bev/c the vacuum pole would dominate sufficiently so that effect§s -of other

poles might be neglected. The total cross-section data (10-12) and other reasons

then made it clear that other poles, including the next highestlying trajectories,’

the p and w vector messns should be included and a second (Igi's) vacuum pole'P'

or equivantly a distorted ABC trajectory. ‘This led to. the four-pole model- which

-t

imhediately became the three-pole model as the p coupling appeared'to be reiatively..

weak. Spin-avefaged amplitudes and parallel and approximateiy stfaight line Regge

" pole trajectories were assumed of average slope deduced * from the nucleon trajectory..

The three-pole model or even the vacuum pole model alone can be easily

‘made to fit all total cross-section data and the results of our'p + p (7-20 Bev/c)

elastic scattering experiments which exhibited Regge shrinkage eompatable with the

original estimate, and for which we determined from an equivalent one-pole analysis that

appp = (1.07 £ .03) + 03+ 0.07t

But then we cannot avoid a prediction for substantial Regge shrinkage for

_our (7 -17 Bev/c) ﬂ + p ‘and T" + p which is completely incompstable with our high pre-

cision results for no Regge shrinkage within small errors.vf‘
On= + p = (0.96 +.0.03) + (0.008 £ 0.080)t :

Ot 4+ p = (0.96 £ 0.04) + (0.086 + 0.097)¢
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Therefore, we m;st introduce ad&itional effects. The p pole is shown
to have a small effect since the a(t) is the smae within errors for nt + pand 1" + p
and the scéttering ampli;udes have it coupled equally and oppositely in the two cases.

The K¥ + p ealstic scattering would be expected to exhibit similar shrin-
kage behavior to the p + p since the same Regge poles are involved and P"and'w are
also co{pled oppositely (imaginary amplitudes) to obtain the constant total cross-
section just as iﬁ the p + p case. However, we find the Kt +p consistent with no
Regge shrinkage with;n‘errors and‘it will take a~ 3.7 standard deviations to obtain
the same slope for the equivalent vacuum polé trajectory aé.in the p + p case.

If we allow enough new arbitrary parameters we'should eventualiy? of
course, sucéeed in explaining any finite set of experimental data, but such explan-
ations may well be just convenient parametepizationé. |

One way to obtain more parameters and possibly egplain these results.is
to allow separate spin flip and non—flip co-effeigien;s with;arbitrary couplings for the
four poles we have already considered.* |

Another wﬁy is to admit cuts in addition to Regge‘poles as Mandelstam and
Amati etal have shdwn‘ their gffects to be substantial (17).

Gatland and‘Moffat (18) have arbﬂrarily'assumedAthe energy v#riable '8
enters the equations in the normalized form only =8 _ and then tried to explain our

: 2mgm8
experimental results in terms of a single vacuum pole and a fixed cut. This makes

. / : .
: “(“i#_p3556.5(“$ + ;)and allows the cut to dominate w + p (which are more asymptotic),

giving little shrinkage while the vacuum pole dominates p + p.
Also according to these authors with a scheme of this type, the o+ p
should show very little éhrinkage_effect.

(19) that it is

Of interest is a recent conclusion by Freund and Oehme
possible but not eésy to obtain a non=shrinking diffraction pattern within the frame-

work of causal dispersion theory.

Let us now summarize some of the other general features of the elastic

scattering interactions we have observed.

*Critical tests of such an approach are being considered. by G. Chew and collaborators,

Private Communication.

T T T
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The effective radii [see def eq. 9)] of nt + p and ﬁ' + p interactions
exhibit no momentum dependence (from 7-17 Bev/c) and have an average value of
1.08 £ 0.0i5 which agrees within errors with the average value of lower momentum data.
The p + p interaction eff radii exhibit in geﬁeral an expansion with increasing moﬁentum
(reflecting the Regge shrinkage effect), changing froma~ 1.06 + 0.04f at 7'Be§/c to
~ (1.18 £0.05)f at 20 Bev/c. The (7-20 Bev/c) p + p average effective radius is
~ 1.11 &#(.02£f. Hence, close to the averagé pion radius.
| The average K¥ + p radius (7-15 Bev/c) is 0.95 £ 0.04 and is significantly
lower than for the incident pions and the protons. However, the (7-9 Bev/c) K~ + p .
average eff radius 1.13 * 0.04 is coﬁparable to that for incident pions and protons;
.'The average 5‘4 p radius (7-12 Bev/c) is 1.35 %+ 0.08 and 1is significantly
X larger than for the incidentApions and protons and is pfobably increasing Qith lower
momenta (~ 3.25 Bev/c).' .
One cannot, unfortunately, easily.directly relate these nuclear interaction
radii with the electromagnetic raaii determined by the classiclexperiments started many

(20); This is so because the.electfoj

years ago by Hofstadter and co-&orkers at Stanford
magnetic-interéction radius‘;s more sensitive to the spatial distribution of charge but
the nuclear interaction radii are mostly determined by the radius out to which the parti-
cular miclear interaction is resonably strong.
As far as opacity is concerned, the'§.+ p 18 most opaque (7-17 Bev/c)
9~ 0.83 + 0.07 increasing to 0~ 0.96 * 0.05 at 3/25 Bev/c (7-20 Bev/c). |
Next coﬁes p + p (7-20 Bev/c) witﬁ 0=0.76 £ 0.022 and finall&, the
mesons, pions (7-17 Bev/c) and Kaons (7-15 Bev/c) all seem to have an opacity conaistgnt'
with 0 ~.0.55 % 0.04. |
| The extrapolation'of do/4¢ t8 t = o and comparison with the optical
theorem gives good'agreeneng.within errors for 7-17 Bev/c'n' + p but in the case of
(7-20 Bev/c) p + p there is a considerable systematic tendeﬁ?y for higher values

(~ 107%) than predicted below 15 Bev/c. However, we do not conclude this effect is

significant since we cannot rule out that possible systematic errors in all the relevant
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quantities, including total cross-sectionms, woulqbot reduce this effect to an in-
conclusive one. However, we are analyzing this problem further.i
Various total elastic cross-sections are plotted in Figs. 20(a) and (b).
Finally, I would comment that when reviewing all of the elastic scattering
data, we havejust considered in the 7720 Bev/c region,iand total cross-section meas-
urements, I am more impressed with the many differences observed than the few similari-
ties and it, therefore, appears that the explanation.of these phenomena mﬁy be quite

complex, and its uniqueness quite uncertain.
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TABLE 1

- 'Least squares fits of o+ p data in coincidence set-up t ~ 0.2 to 1l usivy the parawetrie forn

...d

dof mb,  \za (20 B!V/ci]l eéfbt+Ct§ where t 1is in.(Bev/cjz. The e¢rror of a point in the cal-
t (Bcvfc t; o P - '

culated fit is less than the. crror obtained by'tréating parameters.gs independert due to the

usual coupling cof errors through the error matrix which reduces the independently calculated

error by a factor of 2 to several in the middle of the data t range.

C—

o nt 4 p case * ml+p case
Incident ”fﬁ.' ‘ Incident] . . i |
Momentum] a . da b. Ab c Ac Momentum| & ba b &b c be
Bev/c ' Bev/c
16.67 3.30 ]0.175 |+8.17 | 0.77 |2.10 |0.76 | | 16.92 3.33 ({0.167 | +8.05 | 0.8311.04}0.93
14,72 43.23 10.137 |+7.56 | 0.66 {046 {0.69 | {14.97 |3.49 |0.106 |+9.17 | 0.50 [ 2.65 0.51
12.71 3.38 {0.119 {+3.30 ]| 0.56 11.86.[0.57 | |12.96 3.43 10.096 |48.75(0.47}12.17{0.51
10.75  {3.24 [0.124 |+7.37.10.61 |0.83 |0.65|10.89  [3.43 10.097 | 48.47 | 0.48| 1.6310.51
8.76  {3.41 [0.114 [+3.22 | 0.557{1.91 |0.60| | 8.86 |3.54 |0.088 |+9.03 1 0.4412.36 | 0.47
6.78 - 13.3710.092 [+7.94 | 0.45 [1.73 |0.46 7.09 3.49 |0.090 | 48.82 [ 0.44[2.19 | 0.47
‘;i f; L r 4; ﬁ. fz»_n+~+ p_case . ) T+ E.case
S All- data taken tbgékher in oﬂe £it All data taken together in one fit
x = 63 where 48 is expacted = 51 where 47 is expécted
' i)l ta | b | ob ¢ | te a ba | b | &b | | o
< 3.36] 0.048 |48.1010.2311.75 ] 0.25 3.48 | 0.041 | +8.88| 0.20| 2.22 [0.21

T



FIGURE CAPTIONS
Fig..l, Chew-Frautschi Plot

Fig. 2 The Experimental -Arrangement (5,6). A Counter Hodoscope

(co-incidence set up) with Automatic Data Handling and on-line
’ ]

computer. Elastic Scattering is selected by coplanarity and

kinematic angle requirements.

|

Fig. 3 do ’c;(p) % in mb . for (7-20 Bev/c)
dt Lot(zo Bev/c) (Bev/c)® |
p+p Elastic:Scatteang which is proportional to do/d do i
plotted versus t opt
Fig. 4 ]0¢(20 Bev/c)\" do %2 /é;for 7-17 Bev/c
) de (Bev |
nt 4 p which is proportional to do/ 4. / do plotted versus t

dt o
: / pt _
The solid line is a least squares fit to all the nt 4 p data.

The dotted line is a least squres fit to all the previodaly reported

m~ + p data.

Fig. 5a a(t) versus t, the black circlés are 7-17 Bev/c (1~ + p). The open
circles are 7-20 Bev/c.p + p data and the solid triangles for p + p:data -

above 10 Bev/c. (5)

Fig. 5b Compares a(t)ffrom above 10 Bev/c data on1y~fof'pL+ p and 7" + p (5,6)

"Fig. 6 'a(t) versus t for nt + p data (7-17 Bev/c)

Fig. 7 A compilation of a(t) for above 10 Bev/c p +'p elastic scattering from

(5,6) and the higher t points (4,9)
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-‘data shown.  The fits are of the form do/d ‘e

a2a
Figure Captions (cont'd.)

8. Kt + p Elastic Scattering - This Experiment (6).
9 a(t) versus t for K* +.p:~ Thig Experiment (6).
10p +p Elhmtic Scattering: This Expmriment (6).
11 a(t) versus t for'§'+ p: This Experiment.(6).
12-K™ + p Elastic ?qa;temimg: This'Experiment,(6).

13 p + p effective radius in fermi (right hand acale) using

definition in text (see eq. 21) This Experiment (6) and also- (13)

14 7+ P effect;vé Radii:”This Exper;ment:A(6) and (8, 14).
15 Kt + p, K" + p, and p + p effective Radii: This Expetimen;_(6) and

(15a, 15b).

16 Magnetic Spectfometer'setfup for This Experiment (6).which obtained

data points in the range().02 to 0.6 depending upon momentum.

17 p+p Elaatié.Scattering data at two typical incident momenta

(8.88 and 19.58 Bev) witﬁ both magnetic and co4incidenCe'set4mp
ﬁa+bt¥¢faAand a. third

1ntermediate momentum fit is shown.

' .. L Ce




Fig.

Fig.

Fig.

Fig.

Fig.

Figure Captions (cont'd.)

18 n~ + p elastic scattering data at two typical incident momenta.
' 2
The fits are of the form do/y, = e@Pt+Ct” 504 a4 third intermediate

’

momentum fit is showm.

19 The ratio of the elastic to the totad cross-section for p + p and

" 1~ + p: This Experiment (6).

20a The total elastic p + p and ™ + p cross-sections.
20b The total elastic cross-section for ﬁ + p, Kkt + p and K™ + p:

This Experiment (6) and(i5a).

21 Comparison of this experiment (6) with"qptiéai theorem (please note

discussion in text). x ,;f; j
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