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Cross section and analyzing power opp—pn#* near threshold
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The cross section and analyzing power of ﬁ[e—>me+ reaction near threshold are estimated in terms of
data obtained from thép—>d7-r+ andpp— pp=P reactions. A simple final state interaction theory is devel-
oped which depends weakly upon the form of the pion-production operator and includes some Coulomb
corrections. Within the uncertainties of the model and the input data, the approach reproduces well the
measured energy dependence of the total cross section and the proton analyzing power at a fixed pion center-
of-mass angle of 90°, from threshold Tg= 330 MeV. The variation of the differential cross section with pion
angle is also very encouraging0556-28137)03410-9

PACS numbeps): 13.75.Cs, 25.40.Qa, 24.70s, 25.10+s

I. INTRODUCTION tions as inpuf11]. This approach uses a representation of the
np spin-triplet scattering wave function in terms of the deu-

The pp—d# ™ reaction has been measured for manyteron bound-state wave function which does not depend
years[1], either for its own intrinsic physics interest or as a upon the details of thenp potential[12,13. This result,
calibration for other reactions. Due to the importance of eswhich is exact when thap scattering energy is extrapolated
tablishing the precise beam energy, accurate experimente — ey, whereey is the deuteron binding energy, is gener-
near threshold could be carried out much easier with thally a very good approximation for small energies and dis-
advent of cooled proton bean2,3]. The region within a tanceg14]. Assuming the pion production operator to be of
few MeV of threshold is very interesting because it showsshort range, the formalism allows one to estimate the cross
the interplay of the dominamt-wave production, induced by section for thepp— pn#™ reaction where the finalp pair
the A resonance, and the smalwave rescattering terms, are in the spin-tripleg wave. The much smaller contribution
which becomes even more dramatic when going to heavieirom spin-singlet final states may be deduced directly from
nuclei[4]. the pp— ppn° data using isospin invariance.

Since the phase space for producing a three-body final The agreement with the measured total cross sections is
state varies likeQ?, whereQ is the center-of-maséc.m)  generally very encouraging except for underestimating the
kinetic energy in the exit channel, the determination of thePoint nearest threshold 1], which is the hardest to measure
beam energy is even more crucial in such experiments ne&xperimentally. In the definitive data set of R¢€], the
threshold. The accurate measurements ofpthe>ppx° to- ~ value at this point is somewhat reduced and a more careful
tal cross section at the Indiarj&] and CELSIUS storage €valuation of Coulomb effects given in this present work
rings[6] down toQ~1 MeV provoked great theoretical in- increases the near-threshold prediction. These two changes
terest because the comparatively large cross section revealfgth reduce the discrepancy.
the influence of unexpected short-range phygids Away from threshold our final state interaction approach

The total and differential cross sections for charged pioris capable of describing the angular distribution of the TRI-
production in the alliegpp— pnm™ reaction have also been UMF pp—pn=" data at 400 and 450 MeY15] provided
measured very close to thresh@8]9] and these results have the excitation energy in thep final state is below about 10
recently been complemented by the determination of the proVieV, where S waves can be expected to dominds).
ton analyzing powef10]. At the same value of), charged Differential cross sections in the pion c.m. angle are now
pion production is typically a factor of 5 larger than neutral @lso available near thresho[@], and here we extend our
and the interesting practical question to ask is to what exterformalism to describe such data. One difficulty in imple-
the extra information will constrain theory further. menting this program is the restricted differential cross sec-

The general features of the first results one—pna+  tion information for thepp— pp=° reaction corresponding
total cross section near threshd®] can in fact be under- to the total cross sections reported in Réf. If this is taken
stood within a nucleon-nucleon final state interaction modeto be isotropic, we predict thep—pnz* angular distribu-
using measurements of tpp—d=* andpp—ppn° reac-  tion to be a little steeper than that observed experimentally

[9], though it should be noted that there are also major un-
certainties in theop—da«™ input[1-3].
*Electronic address: faldt@tsl.uu.se The proton analyzing power in low energp—dw* is
"Electronic address: cw@hep.ucl.ac.uk largest at 90° and the energy dependence of this quantity for
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the three-bodypp—pn=™" final state has just been reported  The analogous scattering wave function wigtal bound-
by an IUCF groud 10]. The extension of our FSI method to ary conditions is normalized by its asymptotic behavior
treat analyzing powers is straightforward, but its application L
is hindered by the dearth @, data in thepp— ppm° spin- St
singlet final state. If this is small then the broad features of v(kr)~sintkr (k). 23
the 90° energy dependence are reproduced. _ )

Calculations within our final state interaction model areWhered(k) is the phase shift at wave number
not definitive in that they do not use all of the energy and ~ Despite these very different normalizations, we have
dependence of th&-state neutron-proton scattering wave shown that for finite range _pot'entlals the two types of wave
functions. This means however that they do not require defunctions are related quantitatively by the theorei8]
tailed considerations of the range dependence of the pion )
production operator and are largely independent of the kl'm {(V2a(a®+ kv (k,r)}=—uqu(r). 24
choice of the neutron-proton potential. Higher partial waves e

in the neutron-proton final state are simply ignored and this  tg theorem is valid at the bound-state pole, independent
will become a bigger defect with increasing energy. Never; ihe getails of the potential, but it is also a robust extrapo-

theless we claim that any microscopic calculation which r€1ation in the sense that, in the case of a weakly bound state,
produces the measurgih—d=* and pp—pp#° observ- at short distances

ables should, near threshold, give results qualitatively similar

to the ones presented here. The tolerable agreement with the

pp—pnnt data therefore suggests that the extraction of v(k,r)~— ———u,
quantitatively new information on the basic pion production V2a(a®+k?)
reaction mechanism near threshold requires accurate mea-

surements combined with much more refined theoretical calProvided thatk is small on the scale of the potential range
culations. and strength. Of course the approximation breaks down at

In Sec. Il we discuss the relation of theN scattering and large distances because the bound and scattering wave func-
bound-state wave functions in the spin-tripBtstate and tions must be orthogonal when mtegr{;\ted over all space.
illustrate it with results derived from the Paris potenfitd], In the case of an almost bound virtual state, where the
which are typical and readily obtainable. The energy depenpole is on t_he secon_d sheet, there is no bound-state wave
dence of the spin-singlet wave functions is investigated witfunction to fix the radial dependence. Nevertheless the same
and without Coulomb effects and it is shown that the majorl€chniques show that the energy dependence of the scattering
difference between the two can be accounted for by merely¥@ve function is given by a similar factor to that of Eg.5)
shifting the position of the'S, pole on the second energy 11,13

(r), (2.9

sheet.
Though at low energies it is reasonable to consider only o 1
o v(k,r) C(r). (2.6)
S-wave nucleon-nucleon systems, pionic waves enter Ja?+ k2

quickly because of the smallness of giavave terms. In Sec.

IIl we develop the formalism to include the effects of pionic  These approximations can be tested explicitly in the cases

s and p waves, together with the approximate wave func-of the Yamaguchi, square well, Bargmann, or Huttipeten-

tions, in the three-body phase space to estimate the measurgals, which can be resolved exactly. However several com-

pp—pnwt observables. Coulomb corrections are includedplications arise when looking at the more realistic potentials

in thes wave in the same approximate manner as that used t@hich are used to describe the nucleon-nucleon system. The

treat the low energpp—d=* reaction. extrapolation theorem of E@2.5 has only been proved for
As previously stressed, the agreement with the experisingle channel scattering in a local potenfik8], whereas in

mental data presented in Sec. IV is generally good, thougthe spin-triplet case there is coupling between $hand D

not perfect. However the differences are well within the un-waves.

certainties of the model and the input and output experi- In Ref.[11] we showed the variation of the deuteron and

ments. Conclusions and suggestions for further work are tscattering wave functions with for the illustrative case of

be found in Sec. V. the Paris nucleon-nucleon potentia¥] and, despite the ne-
glect of coupled channel effects, ER.6) seems to be
Il. SCATTERING AND BOUND-STATE WAVE broadly valid to within 5% for <1.7 fm for neutron-proton
FUNCTIONS c.m. energieg,,<10 MeV. To see this more quantitatively,

we plot in Fig. 1 values of the spin-triplet function
An S-wave bound-state reduced wave function behaves

asymptotically as Zi=—\2ay(K2+ ) v(k,r)lr, (2.7
Ug(r)~e (2.  with &,=0.232 fm™ %, in terms ofk2. The radius is fixed at
i ) ) r=1.05 fm, which is close to the peak in the Paris wave
at large radiir and is normalized such that function.

When continued td&?= — o7, the smooth fit

* 2_
fo driua(n17=1. @2 Z(k?) = 20,(0.627+0.12X%%~0.05k* (2.9
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05 Z,=0.646+0.34%>—0.35%*+0.15%°®

with ag=—0.053 fm ! (without Coulomb),

0.4

Z,=0.698+0.13%k>—0.03%*

03 with ag=—0.100 fri ! (with Coulomb. (2.10

R — e Ill. AMPLITUDES AND OBSERVABLES

02 = ge#” \ Many of the elements of the FSI formalism are given in

Ref. [11], but for clarity some are repeated here. We use a
normalization such that the two-body spin-averaged ampli-
tude and c.m. differential cross section are related by

dO’ ( d +) p7T
Jo (PPp—dm )=
! ! dQ 64772(md+m77)2pp
0 0.2 0.4 06 0.8 1 (3.)

K2 (fm™)

XM (pp—dm )%,

_ _ _ _ wherem,, m,, my, andm, are the masses of the proton,
FIG. 1. TheNN triplet scattering functiorz, def'ged'by Ed.  neutron, deuteron, and pion, apg andp,, are the momenta
(2.7) evaluated ar=1.05 fm for discrete values d* using the  of the final pion and the initial proton, respectively.

Paris potentialopen circles The smooth extrapolation of E(2.8) The corresponding three-body cross section is given by
lies about 0.5% above the deuteron pdiibsed circleé. The points

for the corresponding singlet functio@s, defined by Eq(2.9), are
shown without Coulomb forcéopen starand with(closed starand
interpolated using Eq2.10. For presentational purposes the sin-
glet values are multipled by a scale factor of 0.3. The principal
effect of the Coulomb force is to change the position of the anti- 2

bound state pole &= — 2. Residual effects due to the Coulomb X [M(pp— (P )| 3.2
repulsion may be seen beldi,,=1 MeV. )

d’o . p,k?
m(ppﬁ pnm™)

3273(my+m,+m,)?p,

. where the matrix element squared is assumed to be averaged
lies about 0.5% above the value of the deuteron wave func- q 9

tion, but such a discrepancy is close to the limit in the pre-°Ver the angles of thap relative momentunk. In practice

cision of the extrapolation. The deviation could of course beV€ shall only estimate the contributions frofwave np

due to effects of th® state, though the Paris potential also pairs, where the results are in any case isotropik. in

includes some velocity dependence which may lie outside Reduced mass factors for the three-body reaction are de-

the domain of validity of the theorem. fined by
The slow variation ofZ,(k?) with k? is not a peculiarity

of the Paris potential but seems to be found for all simple 1

potentials of a similar range which reproduce the deuteron ;

binding energy. While almost all the energy dependence is

given by the square-root factor in Eq.6), Z,(k) is @  whereas for bound-state production thg+m, combination

steadily increasing function and this is typical for potentialsin Eq. (3.3) is replaced by the deuteron mass.

with just one lightly bound state. Nevertheless, even at The momenta in the exit channel are linked to the value of
Enp=15 MeV it lies less than 8% above the deuteron pointthe excitation energ® through

It should be noted that the slope of this function depends

1 1
-+ =—+—, (33
m,, m

upon the value of and that atr~1.7 fm the function is p2 K2
almost flat[14]. Q= . (3.4
Though there are no channel-coupling problems in the 2p  2mp,

spin-singlet case, the approximation given by Ej6) must ) ) .
break down at very smak? in the proton-proton case due to 1h€ variablez, conventionally used to describe low energy
the essential singularity &=0 caused by the Coulomb re- Pion production, is the maximum pion momentum in pion
pulsion. This is not a problem provid@l,y>1 MeV, as can Mass units and is given by
be seen from the values of the singlet function

P 2:Q

Zo= — K2+ a2 (k,1)/r (2.9 =, T Tm, 3.5

which are also shown in Fig. 1. The results may be param- The cross section for pion production summed ovepall
etrized by excitation energies in the three-body channel is
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do . A description of the low energpp— pn=" observables
d—Q(ppHpnw ) only requires these functions far=1, 2, 3, and explicitly in
these cases
B 1
3273 (my+my+m,)%p, o0 3 11
X)= ———— .
ZMpn 4(1+\1+x3)?’
XJOV "QIM(pp— (pn)m )| ?pK3dk. ( )
. P@(x)= ol 1+ ! t
Since the pion production operator is expected to be domi- (0= 357X arctarix) .
nated by short-range physics, the relation of Ef4) be- (3.11h
tween the bound and scattering wave functions suggests a
similar relation for the spin-triplet matrix elements, viz
XS X2
2 PR (x)= 1+ :
M (pps(pn) 7T+)|2~||\/l(|0|0—>d77 )l 8(1+\1+x?)2 2(1+1+x2)2
t 2at(k2+at2) (3110
32m%(my+ mw)zpp It is customary in the analysis gfp—d=" data to as-
> 2 sume that, due to the Coulomb repulsion in the final state, the
Pray(k®+ ) cross section very near threshold is suppressed by a Gamow
do factor of
. +
XdQ(ppHdw ). (3.7
Th diction for the spin-tripl f th larized Fe(n) 29/ (3.12
e prediction for the spin-triplet part of the unpolarize c(n)= — =~ , .
cross section then follows immediately through the use of exp2aly) =1 1+aly
Eq. (3.6).
The formalism for the proton analyzing powdy, in where
pp—pnmt can be developed identically, the only changes
beingA, factors on the right-hand side of E(.7) and the
left-hand side of Eq(3.6). _Tha
q (3.13
It is of great practical interest that near threshold the in- m;
tegration in Eq.(3.6) may be performed analytically. Thus
for app—dw* observable which varies as This approach, which considers all the charge in the deu-
teron to be concentrated at the center of the nucleus, is suf-
O ( )y " 3.8 ficient to explain the major differences between the
d ) .

np—dw? [17] and pp—d=™ [1] total cross sections, and
the simplification made in Eq(3.12 is indistinguishable

. s + .
the corresponding observable for thp— (pn),m " reaction from the full Gamow factor under the conditions of such

is given by data.
An analogous suppression will be suffered by thé in
O () =P (50)x O (), (3.9 thepp—pn=w" case, but this is only likely to be of practical
importance fors-wave pions because the centrifugal barrier
where keeps the waves small in the region of low. Taking the
charge, as in the deuteron case, to be situated at the center of
m mass of the proton-neutron system, the integral for the
[=——. (3.10  Coulomb-modifiedP™)(x) of Eq. (3.11) can still be per-
V2/€q formed in closed form, giving
3 M_a2
(1) _ X ic 1-c T 204 2 2 a1 T 21312
Pe&’(x,c) 77(1+x2(1—02)){ 1e3V1-c In( \/ﬁ) 4)(4[1+x (1-coH)][2+x7(1+2c)] 2)(4(14—x)
c c
-5 [1+x*(1-c?)]+ —3(1+x2)arctamx) , (3.19
X X
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wherec=q/ 7.

In pp— pp=° the s-wave pion production is likely to be
dominant to much higher values gfthan for charged pion
production induced by the suppression of theontributions 10 &
through the selection rules for the fin&lwave pp states. i
Though there is no bound-state production to set the normal
ization, the energy dependence of the total cross sectiot
should therefore be of the formP®)(x).

In the absence of Coulomb effects, the cross sections fo
m% and 7+ production are related by

it @b)

o(pp—{pn}_17")=0c(pp—ppn®). (3.19

Coulomb corrections must however be applied before this is
used to estimate the spin-singlet contributiopp—pn=™, ol
and this is done in two stages. As can be seen from Fig. 1 +
most of the effects of Coulomb barrier in the fingb wave C
function on the right-hand side of E¢3.15 are removed by
replacing the value o with Coulomb in Eq.(2.10 by that 10° ‘ ‘ L ‘ ‘
without. On the other hand, the repulsion in thép system ° ' ) ’
on the left of the equation can be handled by replacing
PD(x) by PY(x,c).

FIG. 2. The experimental p— pp#° total cross sections of Ref.
[5] (open circley and Ref.[6] (squaresare to be compared to the
broken curve, which represents the fit on the basis of &£4). This

In the low energy region it is a good approximation to curve is very similar in shape to the microscopic calculations of
take thepp—d=" differential cross section and analyzing Ref. [18] which include the Coulomb repulsion explicitly. The

IV. COMPARISON WITH EXPERIMENT

power to be of the form pp—pnw*t data of Refs[8,9], which are very similar to the ex-
tended data set of Rdf10], are subject to a 13% overall error. The
do uncertainty in the input for the solid and chain curves, which show
FTo) =A+Bcog, (4.18  the corresponding predictions with and without the pionic Coulomb

corrections, is around 2094 —3|. The Coulomb corrections given
do by Eq.(3.14) differ little in practice from those obtained by merely
AyE =Csing, (4.1b multiplying by the Gamow factor of Eq3.12.

. . where, as discussed in Sec. Il, after including ghe Cou-
wheree is the c.m. angle of the pion, .and.these dependencqgmb repulsion{’=12.6. The best fit to the total cross sec-
will propagate through to the spin-triplet part of the tion data of Ref[5] is achieved withD~0.86 wb, and the

pp—pna* reaction. ; i ; v
The SP96 phase shift solution from the Virginia databaseresUItIng curve shown in Fig. 2 is very similar in shape to

. ; L microscopic calculations which include tpg final state in-
E)lb]s)élrevlg;eﬂs]e;glo(v)v‘!ng predictions for Coulomb-corrected teraction more fullyf18]. The deviations for the three lowest

CELSIUS points may be due to an uncertainty in the proton
do beam energy6] but there may also be some influence of the
d—Q=(13.6;7+ 164.0p%) ublsr, (4.2 breakdown in the smoothnessaf at very smalk? in Fig. 1

due to residual Coulomb effects. This is of no consequence

whereas ap=90° for the subsequent estimation of thg— pnz" cross sec-

tions.
do . Though the authors of Ref5] did not report values for
go ~(13:6n+16.27%) ublsr, (4.33  thepp— pp=? differential cross sections, their data do sug-

gest some influence from higher partial waves at 325 MeV.
do There is however evidence that at 320 Me¥=0.46) the
Aym =—18.1° ublsr. (4.3b cross section is fairly isotropic and that the proton analyzing
power is consistent with zefd 9]. Introducing Coulomb cor-
rections in both the finapp#® and pnw" systems, these

The normalization given in Eq4.2) is quite close to that .
ization given in Eq4.2) is qui flata then predict that

deduced from neutron-induced data using charge indepe
dence[17]. However it lies typically 10%abovethe recent do
COSY pp—dm* measuremerj2] and 25%belowthat from —(pp—{pntr)=D' PP (¢"7,c) (4.5
IUCF [3]. The difference between these two gives a measure dQ(pp {PMjs) 7Pe L

of the uncertainty in the input of our calculation.

Spin-singlet final states may be estimated using whereD'~0.42 ub/sr and{”=25.4. This is to be taken in
conjunction with the spin-triplet predictions for the differen-

a(pp—ppm°)=4mD PV ({' 7)), (4.4)  tial cross section
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do 5
aq (PP—{pntim™)
=13.6 7P ({"n,c) al +
+(16+148c086) °P3)(¢"5) ublsr, +
(4.6) +

and analyzing power

do )
Ay (Pp—{pn}m™)=—18 »’singP'?({"5) wublsr, _
de ¢ 0J
(4.7)

do/dQ (ub/sr)

where pion Coulomb corrections have only been made in the
s wave.

The momentum dependence of {hp— pn=7™ total cross
section is shown in Fig. 2 both with and without pionic Cou-
lomb corrections. There is in fact very little difference be- o L !
tween either using thE'(Cl)(x,c) of Eq. (3.14 or multiplying © 0® !
the uncorrected®)(x) of Eq. (3.11) by the Gamow factor cos™®
of Eq. (3.12. The full curve lies somewhat below the IUCF 5 3 pifferential cross sections frp—pnm* at 7=0.21

measurementf9] but, apart from the lowest point, the de- (squaresand »=0.42 (circles taken from Ref[9] and compared
viations are of the same order as the Coulomb corrections. {{ith the predictions of the model assuming the singlet cross section

should be noted that there are typically 20% overall normalt pe isotropic. The data and predictions at the lower energy are
ization uncertainties in the input and output data, as well agoth multiplied by a factor of five to present them on a similar
problems in determining the value af close to threshold scale.
[9]. The total cross sections from the extended data set of
Ref. [10] are consistent with the earlier measurementshere, though with some changes at higher values diie to
though they are subject to very similar systematic uncertainthe neglect of finahp P-wave contributions. However it is
ties. also apparent from Fig. 1 that our formalism will tend to
Due to the differences in the pole positions and henceinderestimate slightly the triplet contribution to the
energy dependence, the ratio of teavave production of
pions with spin-triplet and spin-singlet final states is esti- °
mated to be about 1.7 at low but 7.8 at high values.
The angular dependence of the predigge—~ pna* dif-
ferential cross section agj=0.21 and»=0.42 is compared
in Fig. 3 with the IUCF dat49]. The theory is about 20% too
low in normalization and the slopes, evaluated assuming the
singlet cross section to be isotropic, a little too strong. It is-o.2
clear from the larger data set of R¢fl0] that the binning
effect due to the experimental averaging over angular do-
mains is only of marginal importance.
In Fig. 4 is shown the variation g%, at 90° as a function
of 5 for pp—d=" and pp—pnw", assuming the singlet
cross section to be isotropic with zero analyzing power. The_g, |
curve lies a little below the experimental points of R&f0],
where the only major systematic uncertainty is the accep-
tance in polar and azimuthal angles.

V. CONCLUSIONS

We have shown within the framework of a simple final ~°° o 0.2 0.4 0.6
state interaction theory that most of the low energy data on
the total and differential cross sections and proton analyzing n

power for thep_p—>pn77+ reaction can be understood semi- £ 4. variation of the proton analyzing power ip— pnm*
quantitatively in terms of equivalent information deducedg; g=90° as a function ofy, the experimental points being taken
from pp—pp=° andpp—dw* measurements. We believe from Ref.[10]. The broken curve is the prediction of the phase shift
that any more microscopic approach with finite range pionsolution SP96 of Ref{1] for pp—d=*, whereas the solid curve
production operators, which fit the latter data, would givefollows from Eq.(4.7) assuming thgp— pp° cross section to be
pp—pnw" predictions very similar to the ones presentedisotropic with negligible analyzing power.
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pp—pna* cross section at higly becausé&, is an increas- would require a sophisticated microscopic model to be accu-
ing function of k. The rate of rise depends upon the rate to the 10% level. It could then be helpful if such a model
nucleon-nucleon separation and so it is impossible to quarwere consistently applied in the evaluation of the experimen-
tify the effect without having a detailed model for the pion- tal acceptances rather than relying on the Watson FSI ap-
production operator as well as the nucleon-nucleon waveroach[9].
function. Though we illustrated our formalism with the Paris  Qualitatively new information, against which to test our
potential, our results are independent of this choice apamodel, could be provided by experiments which introduce
from small Coulomb effects. interferences between triplet and singlet fingd states, as,
P-wave contributions might be responsible for some offor example, in the |§,p’) spintransfer. These are however
the discrepancies observed in the angular distributions anghuch harder to perform.
analyzing power. However it is clear from the linear scale of
Fig. 3 that the agreement would be better if the normalization
of the inputpp—d=* data were increased by about 25%, as
was found in the IUCF measuremd#] of this rate. The We are very grateful to W. W. Daehnick for supplying us
deviations in the total cross section predictions in Fig. 2 aravith the analyzing power data reported in RgifO] prior to
larger near threshold but, having taken into account the overpublication, and for explaining carefully the significant
all normalization error on thep— pnz" data and the dif- points of this and the unpolarized cross sections. We should
ficulty in determining the exact value af[9], these could be also like to thank R. W. Flammang for the detailed informa-
mainly of an experimental nature. On the other hand, it igion contained in his thesis. Useful correspondence with H.
hard to reconcile the COSY normalizationpp—d=" [2] O. Meyer and W. W. Jacobs is also acknowledged. This
with the IUCF measurement qgfp—pn=w" [8—10] within  work was made possible by the continued financial support
our model. of the Swedish Royal Academy and one of the authors
If the disagreement over thp—d=* normalization can (C.W. would like to thank them and the The Svedberg
be resolved, to take full advantage of the accurate IUCF dathaboratory for their generous hospitality.
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