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By measuring the energy of recoil particles, the following data have been obtained at an
incident proton energy of 796 MeV: (1) the differential cross section for proton-proton
(p-p) elastic scattering at laboratory angles between 1.37° and 6.40°, and (2) the analyzing
power for p-p elastic scattering at laboratory angles between 3.13° and 6.40°. Analyses of
these data have determined certain parameters characterizing the nuclear amplitude for
p-p elastic scattering. The ratio p of the real to the imaginary parts of the forward p-p
spin independent amplitude was found to be + 0.005+0.04. The ratio R of the summed
moduli squared of the forward p-p double spin flip scattering amplitudes to the modulus
squared of the forward p-p spin independent amplitude was found to be 0.16+0.03. The
real and imaginary parts of the p-p spin orbit scattering amplitude divided by sin6 were
found to be 0.72+0.05 and 0.18+0.11 fm, respectively. These values are compared with

results of recent phase-shift analyses and forward dispersion relation calculations.

[NUCLEAR REACTIONS 'H(p,p)'H, E =796 MeV, measured U(t)]
and 4,(7).

I. INTRODUCTION

Proton-proton (p-p) elastic scattering in the
Coulomb-nuclear interference region is a rich and
unique source of information about the p-p elastic
scattering amplitude that is not accessible from
measurements at other angles. From accurate
measurements of the p-p elastic scattering cross
section and analyzing power in the region of four
momentum transfer squared ¢, where the Coulomb
and nuclear amplitudes are comparable in magni-
tude, one can determine at very small angles the
magnitude and sign of the ratio p between the real
and the imaginary parts of the spin independent
piece of the total p-p elastic scattering amplitude.
Furthermore, such measurements allow us to study
the spin dependent parts of the forward scattering
amplitude. This information can be compared
with predictions of various phase-shift analyses'?
and forward dispersion relation (FDR) calcula-
tions.® Knowledge of the real parts of the various
pieces of the scattering amplitude in the forward
direction makes it possible to check the validity of
the dispersion relation calculations, which suggest
the structure in the energy dependence of the
scattering amplitudes at zero degrees.'’

There are some small angle measurements avail-
able for do/dt (Refs. 4—7) and a few for 4,(2)
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(Refs. 8 and 9) between 300 to 800 MeV. In this
paper, we present new measurements of the dif-
ferential cross sections and analyzing powers for
small angle p-p elastic scattering at 796 MeV. A
detailed account of this work may be found in Ref.
10.

This experiment was performed at the Los
Alamos Clinton P. Anderson Meson Physics Facil-
ity (LAMPF) using the external proton beam
(EPB) channel. The energy spectra of the recoil
particles from elastic scattering in a target gas cell
were measured by solid-state detector telescopes.
The same experimental apparatus was used to mea-
sure the differential cross sections and analyzing
powers for proton-deuteron elastic scattering in the
range 0.01 < || <0.11 (GeV/c)2.!

In the first part (AE-E-VETO setup), an ~2 nA
beam of transversely polarized (78%) protons was
used; in the second part (E-VETO setup), a
chopped, narrow burst ( <1 ns wide, 40 ns apart),
unpolarized proton beam of intensity ~ 10 nA was
used. In these two parts, the target gas pressures
were 500 and 40 mm Hg, respectively. The energy
of the proton beam was 796+2 MeV. This value
was obtained from the magnetic field setting of the
LAMPF high resolution spectrometer (HRS) for
elastically scattered protons and by simultaneous
measurements on the EPB channel using the tech-
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12

nique of laser dissociation of H™ ions.' The pro-
2

ton beam had a cross section of ~1 mm®.

II. THE EXPERIMENTAL METHOD

We determined the cross sections and analyzing
powers for small angle p-p elastic scattering by
measuring the yield per kinetic energy interval,
dY /dT, of the recoil protons transversing a two-
aperture collimation system in a hydrogen target
cell. This method makes use of the kinematics (see
Fig. 1) for processes of the form P +X —Z +X. If
X has no bound excited states, elastic scattering
(Z =P) is the only process that will allow X to be
produced near 6,,,=90° in the final state. If Z
corresponds to meson production (Z =7"+p or
7+n), then X will have a maximum laboratory an-
gle <90°. Meson production limits the laboratory
angle of the proton to < 54°, so all protons pro-
duced at laboratory angles > 54° must be from
elastic scattering.

The experimental setup that makes use of this
kinematic situation is presented in Fig. 2. The en-
tire chamber contained the target gas (hydrogen in
our case) at a given pressure. Two sets of Ortec
solid-state detectors specially treated for operation
in hydrogen environments were mounted on two
movable arms. Directly in front of each detector
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FIG. 1. Kinematic relation between TpL and GPL for

the reaction P +P—Z + P at 800 MeV. The curves
represent various choices for M, the invariant mass of
Z. For elastic events M, =Mp and for inelastic events
Mz>Mp+M .

telescope there was a circular slit whose dimen-
sions were commensurate with the active areas of
the solid-state detectors placed behind it. Close to
the beam line there was an adjustable front colli-
mator that consisted of vertical slits with narrow
I-mm-thick steps to minimize slit scattering.
These vertical front slits were fixed to allow recoil
particles from the beam-target gas interaction re-
gion with scattering angles between 0., and 6,,,,
to pass through the circular back slit. Four pieces
of brass were placed in the scattering chamber to
shield the solid-state detectors from particles pro-
duced by interactions between the beam and the
entrance and exit windows. A system consisting of
a thin brass tube, which covered the path between
the vertical front collimators and the circular back
collimator, along with two permanent magnets po-
sitioned at the left and right sides of the tube was
used to reduce the background caused by fast elec-
trons produced by beam-target interactions.

For the geometry in Fig. 2, it has been shown'?
that the elastic differential cross section in the lab-
oratory system, do/dQy, for the process P +X

—P +X, is
do(0y) (dY/dTx)(dTx/dbyx) 2.1)

dQX nNsinGXA(OX)

where 0y is the scattering angle of the recoil parti-
cle with respect to the beam direction, Ty is the
laboratory energy of X, n is the number of target
nuclei per unit volume in the target gas, N is the
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FIG. 2. The target chamber with collimation system
and AE-E-VETO solid-state detector telescopes.
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number of beam particles, and 4 (6y) is a geome-
trical factor (dimension of length) that depends on
the specific geometry of the experiment. For our
geometry, it has been shown'® that to very good
accuracy

cos(0y —6;)

A(Oy)= , (2.2)

a
H

sinGX

when H >> dimensions of the beam and H >>
dimensions of the back collimator. The area of the
back collimator is a; H and 6, are shown in Fig. 2.
The value of Ox,,, for the recoil particle can be ob-
tained from the kinetic energy of the recoil parti-
cle, Ty, using the kinematic relation

(Ey +P0)TX1/2
Po(Ty+2My)'/%

cosOy, = (2.3)

where E, and P, are the total energy and momen-
tum, respectively, of the incident particle in the
laboratory frame, and My is the rest mass for the
recoil particle.

From Eq. (2.1) we can easily derive a formula
for the elastic scattering differential cross section
do/dt:

do _
dr —

1

4y I S
i’lNA(ex)

dT,

v

M—x , (2.4)

where ¢ is given by the laboratory kinetic energy of
the recoil particle

t=—2MyTy . (2.5)

The analyzing power 4, was obtained by
measuring the left-right asymmetry, e=(L —R)/
(L +R), through e=A4,Pp, where Py is the beam
polarization perpendicular to the scattering plane.
L is the geometrical mean of the recoil particle
yield detected by the right arm when the beam po-
larization is up, (dY /dT)g;,, and the recoil particle
yield detected by the left arm when the beam po-
larization is down, (dY /dT) :

L =[(dY /dT)g,(dY /dT); 1" Similarly,

R=[(dY /dT).(dY /dT)g,]'/*. This technique
cancels first order instrumental asymmetries.'* In
our data analysis the error assigned to 4, was
determined from statistics and included a contribu-
tion from the background subtraction applied to
the raw data.

In the AE-E-VETO detector telescopes setup, the
arms consisted of a 50 (100) um silicon surface
barrier AE detector, 1400 pum E detectors, and 300
um VETO detectors. For this configuration, we
looked at events corresponding to AE.E. VETO

coincidences, and we measured the energy losses in
the AE and E detectors for particles stopping in
the E detector. A particle identification signal that
is independent of the particle energy and approxi-
mately proportional to MZ?* (M and Z are the
mass and atomic number, respectively, of the recoil
particle) was generated using the Goulding-Landis
method."> To obtain proton recoil spectra with en-
ergies less than ~3 MeV, an E-VETO detector
telescope was used in conjunction with a time-of-
flight measurement. The arms contained a 50
(100) um E detector and 300 um VETO detectors.
In this configuration, we looked at events that stop
in the E detector (E. VETO coincidences), and we
measured the energy of the stopped particle and its
time of flight, assuming a trajectory from the in-
teraction point to the E detector. Figure 3 presents
a two-dimensional plot of E vs relative time of
flight from the raw data. A clear line due to pro-
tons is observed. These E vs time-of-flight data
then were used to obtain recoil proton energy spec-
tra down to ~700 keV.!” A fast pulse from the E
detector provided the start signal for the time-of-
flight measurement, whereas the stop signal was
provided by a standard LAMPF unit that gave an
output signal synchronized with the 40-ns chopped
proton beam. The chopped beam was unpolarized,
so only cross section data were obtained with the
time-of-flight setup and we obtained 4, data only
for 6. . >7.5° or —t>0.0064 GeV?/c?. Data tak-
en with the AE-E-VETO telescope used the usual
200-MHz LAMPF beam (sharp burst every 5 ns).
Beam polarization was measured by the EPB
beam line polarimeter. Primary and conjugate pro-
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FIG. 3. A two-dimensional dot plot of the relative
time of flight vs the energy deposited in the E detector.
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tons elastically scattered from the hydrogen in a
thin CH, target downstream from our scattering
chamber were detected in coincidence near the lab-
oratory angles of 17° and 66.4°, respectively, in
four directions—Ileft, right, up, and down—by four
pairs of scintillation detectors.'® The left-right
asymmetry was measured; this asymmetry divided
by the known analyzing power of the polarimeter'®
gave the beam polarization.

The energy calibration of each solid-state detec-
tor and its respective analog-to-digital converter
(ADC) was accomplished by the use of alpha parti-
cles emitted from a >*Cm source. The two strong-
est peaks in the alpha source spectra (6113- and
5499-keV lines from the alpha decay of *Cm and
238py, respectively) were used to determine an ener-
gy scale for each ADC. A linear relation between
the ADC channel number and energy deposited in
the detector was assumed, and the linearity of the
ADC’s was checked with a calibrated pulser. A
small correction to the alpha energy deposited in
the sensitive region of the detector due to a thin
dead layer (20 ug/cm? Ni) on the front of the
detector was made. Calibrations of each detector-
ADC system were made at various times during
the running period of this experiment. Compar-
isons of these calibration data would indicate that
the AT bins are determined to an accuracy of
+0.5%. Also, for the detectors used in the E-
VETO configuration, the absolute energy loss in
the detector is determined to +30 keV at 1 MeV
and +15 keV at 3 MeV. The pressure and tem-
perature of the target gas were continuously moni-
tored, determining the density of the gas to better
than +1%. The EPB Faraday cup was used to
measure the incident beam flux; its absolute cali-
bration has a maximum uncertainty of less than
+1%."" The factor A(6y) [see Eq. (2.2)] depends
‘on geometrical dimensions that were determined to
an accuracy of +1%. Accounting for all error
sources, the absolute normalization of the cross
section data was determined to an accuracy of
+3%.1°

An accurate determination of the background is
very important. One source of these background
events could be reactions of the proton beam and
its associated halo with the scattering chamber
windows, walls, and any other material except the
gas target. Also, there could be two types of back-
ground events that are caused by proton beam-
target gas interactions outside of the interaction
volume defined by the cross-sectional area of the
beam and the two-aperture collimation system. An

interaction outside this volume can produce a
high-energy particle of the recoil type that passes
through the collimator slit material and into the
detector telescope, or there can be some beam halo
in the region between the front collimator and the
detector telescope. The first type of background,
which is not associated with target gas, was mea-
sured by keeping all conditions the same as in the
associated data run, except that the scattering
chamber was evacuated. The sum of all back-
ground events produced by the interaction of the
beam with the gas and with all other material was
measured by keeping gas pressure in the scattering
chamber and all conditions the same as in the data
run, except that the movable slits of the front col-
limation were completely closed. Here, closing the
slits removed only the recoil particles produced in
the interaction volume. A comparison of these
two kinds of background measurements indicate
that there is a contribution to the background from
events associated with interaction in the hydrogen
gas. This conclusion is based on the fact that the
target-empty background is consistently smaller
(3—20 %) than the slit-closed target-full back-
ground. As a result of the above comparison, the
slit-closed target-full background measurement was
used in the analysis of the data. Comparison of
the background runs with the data runs showed
that background events were between 10— 15 % of
the good events.

The measured energy spectra were extrapolated
back to the interaction region in a series of steps.
This extrapolation takes into account the energy
losses in the dead layers of each detector where
relevant and in the path length of gas between the
interaction region and the detector telescope. The
stopping power function for each material that the
recoil particle passed through in going from the in-
teraction volume to the active region of the detec-
tors is

9E _ E-PMeV /(g/cm?) . 2.6)

d§
The parameters A and B were determined for each
material by fitting Eq. (2.6) to the stopping power
data given in Ref. 18. For the AE-E-VETO confi-
guration, the energy of the particle, E;, incident on
the AE detector is given in terms of the total ener-
gy E, deposited in the detector telescope by'®

E;=E;+DAE;"®
+A(D2+D3)[E§+1_taA(B +1)]B/EBHD
2.7
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where D, D,, and D; are the front and back dead
layers of the AE detector and front dead layer of
the E detector in g/cm?, respectively, ¢, is the
thickness of the AE detector in g/cmz, and A and
B are the parameters in Eq. (2.6) for the energy
loss of the recoil particle in the dead layer materi-
al. In the case of the E-VETO setup, Eq. (2.7)
reduces to

E;=E;+D,AE; 2 . (2.8)

The recoil particle energy at the interaction region,
E, was calculated by adding to E; the energy lost
by the recoil particle in passing through the target

gas'®:

1/(B+1)
E— Ei3+1+ pHA (B+1) -
(My +E,)’E; ’
2MyPy*(14+-E; /2My
2.9

where p is density of the gas target in g/cm?; H,
My, Eq, and P, have been defined previously; and
A and B are the constants of Eq. (2.6) for the recoil
particle in the target gas. Table I shows the energy
loss correction for a run with the AE-E-VETO set-
up and a target of 500 mm Hg hydrogen gas, and
Table II shows it for a run with the E-VETO setup
and a target of 40 mm Hg hydrogen gas. The tar-
get gas pressures were set so that the energy losses
in the target gas and dead layers were always

< 15% for the lowest energy particle of interest in
a given setup. At the center of interaction the
standard bin size was chosen to have a width of
100 keV, corresponding to a width of 1.88 X 10™*
(GeV/c)? in the four momentum transfer squared,
t. As a check on the energy loss correction in the
target gas, data also were taken at a hydrogen gas
pressure of 300 mm Hg. The energy loss correc-
tions were applied and the resulting angular distri-
butions were compared. The agreement between

ELASTIC p-p SCATTERING AT 796 MeV IN THE . . .

377

the two cases was well within the statistical uncer-
tainties of the data.

III. THEORETICAL ASPECTS

Taking into account invariance under space rota-
tion and reflection, time reversal, and particle iden-
tity, the p-p scattering matrix can be written as'’

M= a+iy(d 1+ 0,) A+B(F ) ANG i)

A

A
&yl .

+8(F MmN Ty M) +e(d, 3.1
The amplitudes «, 3, 7, 8, and € are complex func-
tions of two variables, the center of mass energy
and the scattering angle 6. The center of mass sys-
tem unit vectors are

~  K;+k K;—K;
S M’ SR YU’ I
| ki+ky| | kr—k; |
K; <k
ﬁz_,—_.f, (3.2)
| kixXky|

which form an orthogonal Cartesian coordinate
system. o and o, are the Pauli spin operators for
the projectile and target, respectively. The elastic
differential cross section and analyzing power may
be written as?

do 2 2 2 2 2
— sl 2 >
ST = lal+BI32] 7+ 18]+ €|
(3.3)
and
.o
ayi0)= 2Rl B (3.4)

A. Small angle approximations

We are interested in the small angle region
where the contribution of the electromagnetic in-

TABLE 1. Energy scale for 500 mm Hg of hydrogen in AE-E-VETO setup.

Energy deposited in
detector telescope

Energy incident on
detector telescope

Energy at center
of interaction

(MeV) (MeV) (MeV)
3.0 3.008 3.31
6.0 6.004 6.18
9.0 9.003 9.13

12.0 12.002 12.10
15.0 15.002 15.08
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TABLE II. Energy scale for 40 mm Hg of hydrogen in E-VETO setup.

Energy deposited in
detector telescope

Energy incident on
detector telescope

Energy at center
of interaction

(MeV) (MeV) (MeV)
0.8 0.803 0.86
1.4 1.402 1.44
2.0 2.002 2.03
2.6 2.601 2.63
32 3.201 3.22
teraction cannot be neglected. Each scattering am- and

plitude is expressed as a sum of a nuclear term and
an electromagnetic term; e.g., a=ay +ag. Con-
sidering this, Eqgs. (3.3) and (3.4) can be subdivided
into a pure nuclear term, a pure electromagnetic
term, and a Coulomb-nuclear interference term:

I:IN+IE+II (3.5)
03 T T T T T T T T T
Re yN
o2 T TTTme=~o_ _ .
\\‘\\I\m EN
bem e L (imayxi/10) T
[oX] -

o
)

AMPLITUDE (fm)

)

-0.2-

-03

T

B, m.(deq)

FIG. 4. p-p hadronic scattering amplitudes at 800
MeV obtained from Ref. 1. The horizontal bar indi-
cates the angular range observed in this experiment.

14, =(I4, )y + (T4, ) +(I4,); . (3.6)

The small angle behavior of the amplitudes at 800
MeV that were obtained from the Arndt phase-
shift analysis' is shown in Figs. 4 and 5. One ob-
serves that except for the real part of the elec-
tromagnetic spin orbit amplitude, Reyy, the real
and imaginary parts of the electromagnetic spin
double flip and spin orbit amplitudes (Bg, 8, €g,

0.2 T T T T T
imy&M<i078
ReBEM< 107 imB V<077
ok RedEM< 074 im8 EM<io7 |
Re ¢ EM< 074 im e EM<i0”
0.0
. Im aEM
E
"5' Re oM
2 -0t .
)
o
s
<<
0.2 i
0.3} -
- -
| I 1 / | | 1 Il | 1 L

8. m (deq)

FIG. 5. p-p electromagnetic scattering amplitudes at
800 MeV obtained from Ref. 1. The horizontal bar in-
dicates the angular range observed in this experiment.
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TABLE III. Variation of p, R, and y with slope parameters (b; and b,), normalization
constant, and shift in the four momentum transfer squared. An asterisk indicates that the
variable was fixed.

Shift y
by b, N (keV) p R (fm) xX?
9.3* 6.0* 1.0* 0.0* 0.005 0.156 0.73 0.90
8.0* 6.0* 1.0* 0.0* 0.000 0.146 0.69 0.85
10.5* 6.0* 1.0* 0.0* 0.005 0.157 0.88 0.85
9.3* 2.0% 1.0* 0.0* 0.004 0.153 0.70 0.85
9.3* 9.3* 1.0* 0.0* 0.007 0.156 . 0.77 0.85
9.3* 6.0* 0.97* 0.0* —0.010 0.163 0.90 0.84
9.3* 6.0* 1.03* 0.0* 0.016 0.147 0.66 0.87
9.3* 6.0* 1.0* —30.0* 0.048 0.184 0.50 1.0
9.3* 6.0* 1.0* + 30.0* —0.035 0.133 0.84 0.76
9.3* 6.0* 1.0* 0.0* 0.018 0.18 0.0* 0.82
vE) are negligible compared with those from the and

spin independent electromagnetic amplitude af.
Using an approximation where these terms are
neglected, the various terms in Egs. (3.5) and (3.6) —2ReayImyy —2ReByImyy , (3.10)
can be written in the form

(IA,)y = 2 ImayReyy +2 ImByReyy

5 5 5 (IAy)g =2 ImagReyr —2ReagImyg ,  (3.11)
Iy=|ay|"+2|yy|"+ [Bn|
(IA,); = 2ImagReyy —2 ReagImyy

+ 18y 2+ [en |?, 3.7
+2ReygImay . (3.12)
IE§|aE|2, (3.8) . .
A further approximation can be made by neglect-
I, =2Re(ayag), (3.9) ing the contributions from the terms ReayImyy,

RefyImyy, and ImByReyy in (I4,)y and
ImazReyy in (I4,); (see Figs. 4 and 5). The pure

500 i ' ‘ i ' electromagnetic term (I4, )z also can be neglect-
P+P ELASTIC SCATTERING
200 { Tp 7 796 VeV ] TABLE 1IV. Uncertainties in p, R, and y due to nor-
malization, energy shift, slope parameter b;, and X>+1.
ol ] ¥
2 ?{ p R (fm)
>
_E $
35 # Error due
=T f i to normalization +0.01 +0.01 +0.10
o,
L
‘..“‘."AO“A- Ao Error due
100f- . to shift
in energy +0.04 +0.205 +0.20
é t: sl (15 |lo 12x1073 Error due
t[cevier?] to b, +0.005 +0.012 +0.15
FIG. 6. A comparison of our data for the p-p elastic Error due
scattering cross section at 796 MeV with other data ob- to X241 +0.007 +0.004 +0.07
tained at LAMPF using the HRS facility (Ref. 7) in the
region of overlap. @ represents the data from this work, Total error +0.04 +0.03 +0.28

and A represents the data from Ref. 7.
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TABLE V. Results obtained from the small angle
cross section data for p, R, and y.

14
p R (fm)
+ 0.005 +0.16 +0.73
+0.04 +0.03 +0.28

ed.'® One then obtains the following accurate ap-
proximations for the pure nuclear term and for the
interference term in the analyzing power formula
(3.6):

(I4, )y =2 ImayReyy (3.13)
and

(I4,); =2 Reyglmay —2Reaglmyy .  (3.14)

B. Parametrization

We use the following conventional parametriza-
tion known as the classical parametrization:

lay |*=|ay(0)| 201! , (3.15)
and
[By |2+ |8y |2+ |en |2

—[2]Bx(0) |2+ | ex(0) ]| 2], (3.16)

where we make the usual assumption that slopes of
the real and imaginary parts of the nuclear ampli-
tudes are the same and use the fact that By (0)
=8,(0)." Also, we use the well-known functional
form of the real and imaginary parts of the nuclear

spin orbit amplitude at small angles,*'

Reyy =v,sinf (3.17)
and

Imyy =7,sin0 , (3.18)

where 0 is the center of mass angle, and y; and y,
are constants that depend on the incident energy.
To extract p=Reay(0)/Imay(0) and
R=[2|Bn(0)|?+ | ex(0)|?]/| ay(0)|? from the
experimental data, we use the optical theorem
Imay(0)=(k /41m)0.y, and parametrize (do/dt)y
as

do | _ ™
d |, p2N
2
=ﬁ ——1’6‘ O (14+p2e R
T

4+ 2(y, 2+ 7,2)sin%0 | , (3.19)

where P =7k is the center of mass momentum and
Ot 1S the total reaction cross section. The spin in-
dependent electromagnetic amplitude that corre-
sponds to the one-photon exchange is??

# )
%= T8 exp(idc)Gpi(t) , (3.20)

where f3; is the velocity of the projectile in the lab-
oratory frame (in units of ¢), and Gp(¢) is the form
factor for p-p electromagnetic scattering,

Gp()=1/[1—(t/b)]?, (3.21)

where b has been determined from a dipole fit,?

400 T

,,,,,,

T
P+P ELASTIC SCATTERING
Tp =796 MeV
L L L
0.016 0.020 0.024 0.028

0.0 0004 0.008 0.012
2
-t [(Gew/e)”]

FIG. 7. The differential cross section for elastic p-p scattering, do /dt, at 796 MeV measured in this experiment.
The solid line through the data represents the classical parametrization discussed in the text with b;=9.3 (GeV/c)~?,
b,=6.0 (GeV/c)~% N=1.0, p=+0.005, R =0.16, and y=0.73.
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FIG. 8. Experimental and theoretical determinations
of p as function of the laboratory momentum: @, this
experiment; A , Aebischer et al. (Ref. 4); O, Vorobyov
et al. (Ref. 5); O, Wriekat et al. (Ref. 7); V, Hoshizaki
phase-shift analyses (Ref. 2); — — —, FDR calculations
(Ref. 3); and , the Arndt phase-shift predictions
(Ref. 1).

b=0.71 (GeV/c)®. 8, is the Coulomb angle, which
is a modification to the nuclear phase-shift due to
the presence of the Coulomb potential. It has been
calculated nonrelativistically by Bethe?? as

1378,

0.209
an

d¢ ) (3.22)

where 7 is the radius of the interaction region (1
fm). For 796 MeV proton beams, the value of the
8¢ in the range of four momentum transfer
squared, f, covered in this experiment is very small.
From the above considerations, the electromagnetic
contribution to the cross section is

Amh?

do | __ Amh"
e (1378, %?

4
it Gp(t) . (3.23)

The contribution to the cross section due to the in-
terference term is

25 ELASTIC p-p SCATTERING AT 796 MeV INTHE . . . 381

2.0 T T

@ 1.0

0.5

L
1o 15 2.0
plab (GeVrse)

FIG. 9. Experimental and theoretical determinations
of R as a function of the laboratory momentum: @, this
experiment; A , Aebischer et al. (Ref. 4); O, Vorobyov
et al. (Ref. 5); O, Wriekat et al. (Ref. 7); V, Hoshizaki
phase-shift analyses (Ref. 2); — — —, FDR calculations

(Ref. 3); and , the Arndt phase-shift predictions
(Ref. 1).

do O"O‘sz(t)

S5 =2 s 2

dr |, 13761 (p+8¢)lexp(bt/2),

(3.24)

where the optical theorem has been used, and we
have assumed that 8. << 1.

We extract y; and ¥, from the analyzing power
data using the parametrization given by Egs. (3.17)
and (3.18) and the optical theorem. The pure nu-
clear term (14, )y, given by Eq. (3.13), can be writ-
ten in the form

k
(14, )Nza-gl—amtexp(blt/ﬂsinﬂ s (3.25)

and the interference term (14, ), given by Eq.
(3.14), can be written in the form

(IA4,); = Lototexp(b11/2)ReyE(t)
Y 2

44P Y2

— 2 1
1378,1 G, (t)sind . (3.26)

The values of Reyg(t) are given by Bourrely
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TABLE VI. Measured differential cross sections for elastic p-p scattering at 796 MeV. The errors are statistical and

include a contribution from the background subtraction applied to the raw data.

do do

ec.m. —t —dt— gc.m. —t —df—

(deg) (GeV/c)? mb/(GeV/c)? (deg) (GeV/c)? mb/(GeV/c)?
3.27 0.0012 341.590+10.885 11.07 0.0140 122.035+2.181
3.51 0.0014 292.436+9.227 11.15 0.0142 122.263+2.184
3.74 0.0016 270.990+8.014 11.22 0.0144 122.207+2.182
3.95 0.0018 244.644+7.615 11.30 0.0145 121.54442.173
4.15 0.0020 220.686+7.232 11.37 0.0147 122.032+2.178
435 0.0022 198.283+6.855 11.44 0.0149 122.539+2.186
4,53 0.0023 186.448+6.426 11.51 0.0151 119.791+2.162
4.71 0.0025 175.386+8.814 11.58 0.0153 120.026+2.162
4.88 0.0027 168.698+8.644 11.66 0.0155 118.699+2.150
5.05 0.0029 165.811+8.275 11.73 0.0157 120.510+2.167
5.21 0.0031 158.380+8.087 11.80 0.0159 121.464+2.177
5.36 0.0033 164.808+8.250 11.87 0.0160 118.676+2.151
5.51 0.0035 163.053+8.206 11.94 0.0162 119.071+2.153
5.66 0.0037 152.102+7.925 12.01 0.0164 117.261+2.137
5.80 0.0038 162.495+8.192 12.07 0.0166 119.051+2.153
5.94 0.0040 159.188+8.108 12.14 0.0168 119.193+2.155
6.08 0.0042 153.560+7.963 12.21 0.0170 115.724+2.125
6.21 0.0044 147.713+7.810 12.28 0.0172 118.178+2.145
6.34 0.0046 145.825+7.760 12.34 0.0174 116.498+2.129
6.47 0.0048 147.658+6.387 12.41 0.0175 116.051+2.124
6.60 0.0050 145.720+6.292 12.48 0.0177 114.71442.112
6.72 0.0052 142.439+2.982 12.54 0.0179 117.12242.134
6.84 0.0053 136.299+2.917 12.61 0.0181 117.877+2.143
6.96 0.0055 134.051+2.892 12.68 0.0183 117.780+2.142
7.08 0.0057 134.651+3.146 12.74 0.0185 115.036+2.119
7.19 0.0059 134.570+3.145 12.81 0.0187 114.457+2.113
7.31 0.0061 141.194+3.223 12.87 0.0189 113.840+2.108
7.42 0.0063 127.327+3.060 12.93 0.0190 114.179+2.110
7.53 0.0065 133.461+3.135 13.00 0.0192 113.230+2.102
7.64 0.0067 133.823+3.137 13.06 0.0194 115.005+2.118
7.75 0.0068 130.447+3.099 13.12 0.0196 115.180+2.119
7.85 0.0070 130.142+2.254 13.19 0.0198 114.828+2.116
7.96 0.0072 129.994+2.251 13.25 0.0200 114.807+2.115
8.06 0.0074 131.819+2.283 13.31 0.0202 110.112+2.074
8.16 0.0076 133.693+2.300 13.37 0.0204 112.115+2.091
8.26 0.0078 131.553+2.281 13.44 0.0205 111.461+2.083
8.36 0.0080 129.229+2.243 13.50 0.0207 109.015+2.063
8.46 0.0082 127.866+2.232 13.56 0.0209 111.122+2.080
8.55 0.0084 125.960+2.214 13.62 0.0211 112.114+2.091
8.65 0.0085 126.512+2.221 13.68 0.0213 112.257+2.091
8.74 0.0087 126.703+2.222 13.74 0.0215 112.574+2.093
8.84 0.0089 127.956+2.231 13.80 0.0217 108.950+2.059
8.93 0.0091 128.14742.232 13.86 0.0219 111.422+2.086
9.02 0.0093 126.449+2.217 13.92 0.0220 110.487+2.075
9.11 0.0095 126.480+2.218 13.98 0.0222 113.221+2.100
9.20 0.0097 128.484+2.238 14.04 0.0224 112.683+2.095
9.29 0.0099 125.852+2.214 14.10 0.0226 107.903+2.051
9.38 0.0100 126.960+2.225 14.10 0.0226 107.903+2.051
9.47 0.0102 127.966+2.231 14.16 0.228 108.753+2.061
9.55 0.0104 128.462+2.236 14.22 0.0230 109.017+2.061
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TABLE V1. (Continued.)

do do

ec.m. —t —d;— 9c.m. —t _d_t—

(deg) (GeV/c)? mb/(GeV/c)? (deg) (GeV/c)? mb/(GeV/c)?
9.64 0.0106 124.252+2.199 14.27 0.232 112.058+2.090
9.73 0.0108 124.889+2.207 14.33 0.0234 112.868+2.099
9.81 0.0110 125.198+2.207 14.39 0.0236 110.123+2.071
9.89 0.0112 127.372+2.228 14.45 0.0237 107.142+2.044
9.98 0.0114 127.269+2.229 14.50 0.0239 106.901+2.040

10.06 0.0115 124.181+2.200 14.56 0.0241 106.215+2.035
10.14 0.0117 121.832+2.178 14.62 0.0243 107.674+2.048
10.22 0.0119 123.056+2.188 14.67 0.0245 107.534+2.047
10.30 0.0121 126.057+2.215 14.73 0.0247 104.333+2.017
10.38 0.0123 120.450+2.163 14.79 0.0249 106.697+2.038
10.46 0.0125 122.143+2.181 14.84 0.0251 109.048 +2.062
10.54 0.0127 121.678+2.177 14.90 0.0252 107.768+2.051
10.62 0.0129 120.165+2.163 14.95 0.0254 106.850+2.042
10.70 0.0130 121.115+2.171 15.01 0.0256 104.908 +2.023
10.77 0.0132 122.549+2.184 15.07 0.0258 105.253+2.028
10.85 0.0134 122.261+2.183 15.12 0.0260 102.557+1.999
10.92 0.0136 122.370+2.184 15.17 0.0262 101.461+1.991
11.00 0.0138 121.721+2.178 15.23 0.0264 103.666+2.014
20 et al.** and correspond to one-photon exchange in-

cluding the magnetic term.
|5k C. Determination of p and R

The sum of Egs. (3.19), (3.23), and (3.24) multi-
plied by a renormalization parameter N was used
to fit our cross section data corresponding to the
v Coulomb-nuclear interference region |t | <0.01

10f Y (GeV/c)?. The value of 0,,,=47.3+0.6 mb was

3, (fm)

1 | 1
00 1.0 15 2.0

R, (Gev/)

FIG. 10. Experimental and theoretical determinations
of y1, Reyy =y, sin6, as a function of the laboratory
momentum: @, this experiment; X, Aebischer et al.
(Ref. 8); V, Hoshizaki phase-shift analyses (Ref. 2); and
, the Arndt phase-shift predictions (Ref. 1).

taken from the compilation of the p-p experimental
data.”® N was usually fixed; the parameters p> R,
and y=(7,>+7,%)"/? were allowed to vary to ob-
tain the best fit to the data. The procedure was re-
peated for different values of b, and b,, and the
results are presented in Table III. We found that
P> R, and 7 are insensitive to b, and fairly insensi-
tive to b, for all reasonable values of the slope
parameters b; and b,.

It was noted in Sec. II that we have determined
the accuracy of the absolute normalization for our
cross section data to be +3%. Comparison of our
data with those predicted by the Arndt phase-shift
analysis gives a renormalization factor of ~0.985.!
Also, the cross section data measured in this exper-
iment are in good agreement with cross section
data taken at LAMPF using the HRS.” These two
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FIG. 11. Analyzing power data for p-p elastic scattering at 796 MeV; @, this work; A, data obtained from the HRS

facility (Ref. 9); B, McNaughton et al. (Ref. 26); and

data sets are presented in Fig. 6. Thus, it is
reasonable to repeat the fitting procedure, fixing N
at 1.03 and 0.97 and allowing p, R, and ¥ to vary
(see Table III). We observed that p, R, and y are
fairly sensitive to N.

It was mentioned before that the energy calibra-
tion of the solid-state detectors is +30 keV for a
proton energy of 1 MeV. Also, the region around
1 MeV has the maximum sensitivity to Coulomb-
nuclear interference effects. The uncertainty in the
measurement of the kinetic energy Ty is directly
reflected in determination of four momentum
squared transfer, ¢ (t = —2MyTy). Therefore, the
fitting procedure was repeated for a shift in ¢ cor-
responding to a shift of +30 and —30 keV in the
kinetic energy of the recoil proton (see Table III).
The determination of both p and R is extremely
sensitive to the absolute energy scale for the recoil
protons. To compare our results with other avail-
able experimental results,*>7 we also fit our data
by neglecting the nuclear spin orbit contribution in
the cross section expression (y was set equal to
zero). See Table III.

TABLE VII. Results obtained from the cross section
and analyzing power data for y; and 7,.

" Y2
(fm) (fm)

0.72+0.05 0.18+0.11

, the Arndt phase-shift predictions (Ref. 1).

TABLE VIII. Measured analyzing power for elastic
p-p scattering at 796 MeV.

Ocm. —t
(deg) (GeV/c)? 4,
7.48 0.0064 0.1708+0.015
7.90 0.0071 0.194440.012
8.31 0.0079 0.1980+0.011
8.70 0.0086 0.2178+0.011
9.07 0.0094 0.2317+0.011
9.42 0.0101 0.2134+0.011
9.77 0.0109 0.225240.011
10.10 0.0116 0.2433+0.011
10.42 0.0124 0.2500+0.011
10.73 0.0131 0.2505+0.011
11.04 0.0139 0.2417+0.011
11.33 0.0146 0.2495+0.011
11.62 0.0154 0.2674+0.011
11.90 0.0161 0.2658+0.011
12.18 0.0169 0.2810+0.012
12.44 0.0176 0.2760+0.012
12.71 0.0184 0.2519+0.012
12.97 0.0191 0.2842+0.012
13.22 0.0199 0.2890+0.012
13.47 0.0206 0.3120+0.012
13.71 0.0214 0.3004+0.012
13.95 - 0.0221 0.2945+0.012
14.19 0.0229 0.2899+0.012
14.42 0.0236 0.3131+0.012
14.65 0.0244 0.3164+0.012
14.87 0.0251 0.3124+0.012
15.09 0.0259 0.3360+0.012
15.31 0.0266 0.3224+0.012
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Table IV presents the uncertainties in p, R, and
v due to the uncertainties in the normalization,
detector calibration, slope parameter b, and the
uncertainty corresponding to a variation of 1 in X2.
All these errors are approximately independent and
hence are added incoherently. Table V presents the
values obtained for p, R, and ¥ from our small an-
gle cross section data. Figure 7 shows the fit to
the data obtained by fixing b; =9.3 (GeV/c)~2,
b,=6.0 (Gev/c)~%, N=1.0, no shift in |7 |, and
by using the values of p, R, and ¥ presented in
Table V. Figures 8 and 9 show the Arndt' and
Hoshizaki? phase-shift predictions, FDR calcula-
tions,® and recent experimental values*>’ for p and
R. Our measurements of p and R agree quite well
with the Arndt phase-shift prediction' and the
FDR calculations,’ but our value for p is some-
what higher than the value predicted by Hosh-
izaki.? Table VI presents the measured differential
cross sections obtained in this work as a function
of 6, ., and .

D. Determination of ¥, and ¥,

The sum of Egs. (3.25) and (3.26) was used to fit
the product of the cross section and analyzing
power data in the region where they overlap. The
slope parameter b, and the total cross section were
fixed, and y, and ¥, were allowed to vary to obtain
the best fit to the data. We observed that y, and
y, are insensitive to the assumed value for b, and
O Table VII shows the results obtained for y,
and y,. The errors presented for y; and ¥, in this
table correspond to a variation of 1 in X% As is
shown in Ref. 10, the contribution of ReagImyy
to (I4,); in the angular range of our data is quite
small, and some authors® have disregarded this
term in their expression for (I4,). Thus, in order
to compare results for y;, we set the value of y, to
be zero and let y, vary. With this procedure, we
obtained y;=0.75 fm. Figure 10 shows the Arndt'
and Hoshizaki® phase-shift predictions for y;.
There is fair agreement between our value for ¥,
and Arndt prediction. Also, our value for y; at
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796 MeV is consistent with the energy dependence
suggested by previous measurements.®> The only
term depending on ¥, in our expression for 14, is
ReazIMyy, which is considerable only at very
small angles. Our data for the p-p elastic scatter-
ing analyzing power at 796 MeV do not extend low
enough in |7 | to be really sensitive to y,. Thus,
our determination of ¥, has a quite large error.
Figure 11 shows a comparison of our data for the
analyzing power for p-p elastic scattering at 796
MeV with other data obtained at LAMPF*2 and
the Arndt phase-shift predictions.! The three sets
of measurements have good agreement, and there is
fair agreement between the measured analyzing
power and the Arndt prediction. Table VIII
presents the measured analyzing powers obtained
in this work as a function of 6., and ¢.

IV. CONCLUSIONS

Absolute differential cross section and analyzing
power measurements for elastic p-p scattering at
796 MeV have been presented in this paper. A
recoil technique was used to obtain these data.
Fits to the data were made using the classical
parametrization model to obtain values for p, R,
and y;. The value of p at P, =1.456 GeV/c is
very small, positive, and agrees with the Arndt
phase-shift analysis' and FDR calculations.’

The values of R and y indicate a sizable spin
dependent contribution to the forward differential
cross section for elastic p-p scattering at 796 MeV.
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