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FIG. 2. Schematic view of the multiplicity array. It consists
of three rings of plastic scintillation counters.

trometer and a multiplicity array. The magnetic spec-
trometer is the one used in previous experiments' and it
has been improved in the following points in order to
handle multiple tracks in the spectrometer: three planes
of multiwire proportional chambers (MWPC's), P2XYU,
were added before the C magnet, and the segmentation of
the plastic scintillation counter, 63, was increased to six.
Installation of the multiplicity array was the major im-

provement of the system. It can select impact parameters
of the collisions and can also obtain angular distributions
of emitted charged particles. Figure 2 illustrates the
structure of the array. It consists of three rings: back-
ward ring (B-ring) with 34 plastic scintillation counters
which covered from 44' to 90' in polar angles with

respect to the beam direction, center ring (C-ring) with
38 counters covering from 25' to 44', and forward ring
(F-ring) with 38 counters covering from 10' to 25'. Each
scintillation counter covered 9' in azimuth.
The multiplicity array was designed so as to satisfy fol-

lowing conditions. (1) The average hit probability for
each plastic scintillator is the same under the assumption
that particle emission is uncorrelated and the angular dis-
tribution is, to a first-order approximation, the same as
that for Ar + KC1 collisions. ' (2) The solid angle covered
by the array and the segmentation are large enough to
determine the multiplicity to within 15% accuracy after
software corrections for the highest-multiplicity events
expected in La+ La collisions. In fact, it is estimated
from the data that about 85%%uo of inclusive total charge
yield was detected by the multiplicity array as expected.
In this paper, the raw multiplicity itself, rather than the
software-corrected one, will be used as a reference and
the word "multiplicity" refers to the raw multiplicity
measured by this array.
Each plastic scintillator was glued to an acrylic light

guide and to a half-inch photomultiplier tube (R647-01
supplied by Hamamatsu Photonics Co., Ltd. ). The out-
put signal of each tube was fed into a discriminator and
the logic output was sent to a time-to-digital converter
(TDC). A newly built circuit for hardwired summation
and discrimination of logic signals provided a high-
multiplicity trigger capability. Photomultiplier gain was
adjusted using a P source of Bi, which was attached to
each scintillator. For each scintillation counter, a large
single counting rate is expected due to delta rays from an
atomic process between the target and the beam. The
contamination from the delta rays to the multiplicity,
however, was kept negligibly small by setting the discrim-
inator threshold at a proper level, since the energy depos-
it by delta rays was generally small compared to that by a
minimum ionizing particle. The pulse-height spectra of
the signal from scintillation counters were occasionally
monitored in order to check the stability of the output
signal from the phototubes and the threshold level of the
discriminators.
The multiplicity array was mounted outside a vacuum

chamber. The chamber was made of cylindrical alumi-
num pipe with thickness of 1.5 mm (0.4 g/cm ), so that
the multiplicity array is sensitive to protons with momen-
ta above 200 MeV/c. Kinematical domains covered by
the multiplicity array are shown in Fig. 3. Acceptance
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The spectra of pions and light fragments at laboratory angles from 10' to 89' were measured in
0.8A GeV La + La collisions. Event multiplicity was also measured to select central collisions. For
inclusive data, the slope of the pion spectrum at 0, =90' for La+ La is as steep as that for
Ar+ KCl while the slope of the proton spectrum at 8, =90' becomes less steep with increasing
mass number of the colliding nuclei. Furthermore, the m. yield is about half of the geometrical es-
timate awhile total nuclear charge yield agrees well. Since the yield ratio of n. to total nuclear
charge at 0, =90 is significantly larger for high multiplicity events than for inclusive data, it ap-
pears that pion absorption by spectator nucleons is important. An azimuthal correlation of charged
particle emission was also observed, which is consistent with collective flow of nuclear matter. The
coalescence relation between protons and composite fragments holds for inclusive data in La + La
collisions.

I. INTRODUCTION

In the past, we have measured spectra of pions and
light fragments with light projectiles ( A (40) at the Be-
valac to study high-energy density and high-temperature
nuclear matter. ' It is natural, however, to expect that
nuclear matter with higher densities and/or higher tem-
peratures would be formed more with heavier projectiles
and that under such extreme conditions we may have a
better chance to observe new phenomena. During the
last few years, therefore, we measured spectra of pions
and light fragments in 0.8A GeV 57 La + 57 La collisions.
Note that the mass number A of La (139) is three times
as large as that of projectiles used in the previous experi-
ments. In this experiment, a multiplicity array was newly
constructed so that high-multiplicity events could be
selected.
Systematic studies of various quantities, such as the

yield of pions and light fragments and the slope of the en-
ergy spectrum at 90' in the center-of-mass frame of the
nucleon-nucleon system, as a function of mass number A
have been done. Comparison between inclusive data and
multiplicity-selected data, especially high-multiplicity
events, is important to an understanding of the reaction
mechanism and to an exploration for new phenomena be-

cause in high-multiplicity events higher temperatures
and/or higher densities may be attained. In fact, we see
that the slope of the energy spectra of pions and protons
is less steep in high-multiplicity events. The data of pion
yield imply that pion absorption by spectator nucleons is
important. In the analysis of the multiplicity array, an
azimuthal correlation of charged particle emission was
found. It is consistent with collective How of nuclear
matter, which was reported ' a few years ago and has
been one of the most interesting topics in the field.
Although some preliminary inclusive data were intro-

duced in a conference, we report in this paper more sys-
tematic data from the latest measurements with an im-
proved detector system and with higher statistics.
In Sec. II the experimental setup and data analysis are

described. Results of inclusive measurement are present-
ed in Sec. III, and the multiplicity-selected data are given
in Sec. IV.

II. EXPERIMENTAL SETUP AND PROCEDURES

A. Magnetic spectrometer and multiplicity array

A layout of the present detector system is shown in
Fig. 1. The detector system consisted of a magnetic spec-
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multiplicity events we should note that the data is a pure
exponential in the entire kinematical domain. On the
other hand, since the inclusive spectrum contains contri-
butions from various multiplicities, it is concave upward
as energy increases. For protons, the spectrum shape is
not at all exponential for high-multiplicity events, and
the "shoulder-arm" feature is more pronounced as multi-
plicity increases. A common feature between proton and
pion data is that production of low-energy (low-pz ) parti-
cles is more suppressed at higher multiplicities. Qualita-
tively speaking, the feature of a pure exponential shape
for pions and a shoulder-arm shape for protons is con-
sistent with the prediction of the explosive flow, called
the blast wave.

2. Yield ratio ofo to total nuclear charge

for M & 55, (10a)

=(8.1+1.9)X 10
for inclusive data . (10b)

The ratio is slightly larger for high-multiplicity events
than for inclusive events. It is also worthwhile to note
that both (10a) and (10b) are consistent with the geome-
trical value of 9.5 X 10 estimated from Eq. (8) (see Fig.
12).
Next, the data were integrated over angles. The yields

integrated over angles for M & 55 are 0.89 (barn) for m.

and 19.9 for the total charge, respectively. This leads to

cr(n )/o(Z) =(4.5+1.4)X 10 for M & 55,
=(5.4+1.6)X 10

(1 la)

for inclusive data . (11b)

The LBL streamer chamber group has reported that
the yield ratio of pions to total nuclear charge is indepen-
dent of multiplicity and that the observed value of
o (n. )/o (Z) for La + La is the same as that for
Ar+ KC1, that is (5.9+0.2)X 10 (Ref. 24). As far as
the angle-integrated data are concerned, our present data
also show that cr(n)/o (Z) is ind. ependent of multiplici-
ty and the values (11)are consistent with their result.
One should, however, note the difference between (10)

and (11). The ratio for the data at 90' c.m. for high-
multiplicity events, (10a), is three times larger than the

Now we look into the yield ratio of n. to total nuclear
charge for high-multiplicity events. First, the yield ratio
was evaluated at 8, =90' and compared with the corre-
sponding ratio for the inclusive data. Values of do /d8
at 8, =90' are 0.51 for m and 4.05 for fragments in
units of barn/rad for high-multiplicity events. Poor
statistics for He and He introduce an error in the ratio
but to within the error quoted below. For the inclusive
data the values are 3.62 and 44.7 barn/rad for m. and
fragments, respectively. Thus, the ratio is

[o(n )/cr(Z)]e 9o
——(12.6+3.8)X 10

ratio for the angle-integrated data (1 la). Moreover, the
values (11) are by a factor of 2 smaller than the geometri-
cal value, whereas the values (10) are consistent with it.
We consider the reason in what follows. As discussed at
the beginning of Sec. IV B, even after the high-
multiplicity selection is carried out, the collision is not
necessarily "central" most likely due to a collective flow.
As far as the angle-integrated data are concerned, there-
fore, we would have a significant influence of spectator
nucleons on the particles produced in the participant re-
gion. If pions are absorbed by the spectators, then the
value of the ratio o(m )/o(Z) for the angle-integrated
data (10a), which is smaller than the geometrical value, is
easy to understand. Such an absorption should not be
significant if the spectator volume is small. That situa-
tion is, in fact, seen in Fig. 12 for lighter-nucleus col-
lisions such as Ar + KC1.

C. Summary for analysis with multiplicity array

Correlations and multiplicity selection:
(1) Forward-backward asymmetry in proton spectra is

observed with respect to the line of y =y, in the y-pz.
plane.
(2) Coalescence relation between protons and deuterons

becomes worse for M & 55 events.
(3) Azimuthal correlation is observed at forward an-

gles. This is consistent with a collective flow of nuclear
matter.
(4) Slope of the energy spectrum at 90' c.m. is less steep

for high-multiplicity events than for low-multiplicity
events for both protons and pions. A pure exponential
shape of the energy spectrum at 90' c.m. is observed for
pions at high multiplicity.
(5) Yield ratio of pions to total nuclear charge for

high-multiplicity events is by a factor of 2 smaller than
the geometrical value for the angle-integrated data,
whereas when one uses only the data at 90' c.m. , the ratio
is significantly larger than that for inclusive data and con-
sistent with the geometrical value.
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to a scattering angle 90' in the center-of-mass frame.
Contours are symmetric with respect to the line y =y,
as expected for collisions of two equal-mass nuclei.
In Figs. 6(a) and (b), spectra of protons and pions at 90'

c.m. in La+ La collisions are presented. Here, spectra in
lighter-nucleus collisions are also included. Horizontal
axis corresponds to the kinetic energy Ez of p or ~ in
the c.m. frame. The proton spectrum shows a
"shoulder-arm" shape, similarly to that observed in
lighter-nucleus collisions. The high-energy part, namely,
the "arm" part of the spectrum, can be parametrized
with

Esc
err ~ exp

Eo
(3)

where we call Eo the slope parameter, which might be re-
lated to "temperature" of the system on the basis of a
thermal model. When the data are fitted by Eq. (3) in the
energy range of Ez ——250-750 MeV, the value of Eo for
proton spectrum is 84+2 MeV for La+ La. The slope
parameters for lighter-nucleus collisions are the follow-
ing: 68+1 MeV for C+ C, 75+3 for Ne+ NaF, and
79+2 for Ar + KC1. One can see that the slope of spec-
trum becomes less steep with increasing projectile mass
number. On the contrary, for pion spectra, if we Qt the
data for E» =200—550 MeV by Eq. (3), the value of Eo is
66+1 MeV which is not different from the value obtained
in Ar+ KCl collisions; the values are 66+1 MeV for
Ar + KC1, and 62+1 and 60+1 for Ne + NaF and
C + C, respectively. One has to notice, however, that Eq.
(3) does not look like a good parametrization for La + La
data. The slope of the spectrum for La+ La gradually
changes with kinetic energy Ez, it becomes less steep as
the energy increases. We will come back to this point in
the next section.
Angular distributions of protons and pions in the c.m.

frame are shown in Fig. 7. Forward and backward peak-

ing is observed, similarly to the case of Ar+ KC1 col-
lisions. ' The cross section oi(E», 8, ) was
parametrized as

o I ~ 1+a (E» )cos 8,
Then, the angular anisotropy R (E» ) was defined as

o i(8, =30 )+o i(8, =150')
R (E» ) . , (4')

to facilitate the comparison with the results in Ref. 1.
The observed R (E» ) for protons and pions are plotted as
a function of kinetic energy in the c.m. frame in Fig. 8.
For protons, though this ratio increases with proton ki-
netic energy, the absolute value for La+ La is smaller
than that for Ar + KC1 at any energy', that is, angular an-
isotropy of emitted protons is smaller in La+ La col-
lisions. Pions are also emitted more isotropically in
heavier-nucleus collisions. This is consistent with an in-
tuitive picture that collisions of heavier system involve
more multiple scatterings than those of lighter systems.
Note that the peak at Ez-200 MeV for pions is barely
seen in La+ La collisions. The peak is explained to be
due to direct pions from the decay of 533 resonances pro-
duced in the first collisions as indicated in Refs. 1 and 5.

B. Inclusive spectra of comyosite particles

Composite particle production attracts much attention
in studying its roduction mechanism, the size of the
emission source and entropy production. It has been
also pointed out ' that it is important to study the yield
ratio of deuterons to protons as a function of impact pa-
rameter or multiplicity of the event for a detailed study of
entropy. Here, we describe inclusive data. High-
multiplicity selected data are described in Sec. IV.
According to the coalescence model, invariant cross

sections of composite fragments of mass number A are
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ter. Similar tendency was observed for other types of
fragments; namely, t, He, and He, but the statistics are
not high enough to discuss the data quantitatively.
For collisions with lighter projectiles, C + Pb,

Ne + Pb, and Ar + Pb at 0.8 A GeV, similar phe-
nomenon was observed in two proton correlations'
and in the study with a streamer chamber. For heavy-
nucleus collisions such as Nb+ Nb, Gustafsson et al.
have observed such phenomena with a 4m. detector.
Their observation shows collective flow eff'ects: the
bounce-off of the projectile fragments and the sideward
flow of the intermediate-rapidity fragments. The present
observations are qualitatively consistent with these re-
sults.
Concerning the observed forward-backward asym-

metry in the y-pT plot shown in Fig. 13, we made several
model calculations, in which a kinematical flow was ex-
plicitly included. Acceptances of the spectrometer and
the multiplicity array, geometry of which is not sym-
metric, were taken into account. Then it qualitatively
reproduces the observed azimuthal correlation and also
shows forward-backward asymmetry in the y-pT plot only
when we include the flow. Although these calculations
are so model dependent that we would not deduce any
definite conclusions here, it appears that the asymmetry
in the y-pT plot is caused by some correlated particle
emission like the collective flow with our counter
geometry.
As to the worsening of the coalescence relation at high

multiplicities shown in Fig. 14, we have not found any
reasonable explanations for it, though it could be attri-
buted to the collective flow. It should be noted also that
the validity of the coalescence model is implicitly as-
sumed in the discussion of Ref. 9. However, one has to
be careful about this assumption, because the coalescence
may break at high multiplicities.

B. Production of pious and light fragments at 8, =90'

As discussed in the preceding subsection, emission of
light fragments is correlated, particularly, in high-
multiplicity events with the spectrometer at forward an-
gles and the collective flow seems to be an explanation for
that. At 0, =90', however, it is thought that the num-
ber of particles associated with the collective flow should
be small because the collective flow is likely to be charac-
terized by emission of particles with low pT at forward
and backward angles. Thus, we discuss the data at
0, =90'.

10-4,
0

I I I I I I

200
I I I I I I I I I I I I

400 600 800
(MeV)

FIG. 18. Energy distributions of m. at 0, =90' with rnulti-
plicity selections. Data for 30&M &45, 15 &M & 30, and
M & 10 are scaled down by a factor of 10 ', 10,and 10 ', re-
spectively. Solid lines represent fitted function, ~ exp(Eg /Ep).
The values of Ep are 78 MeV for M & 55, 66 MeV for M &45
and for inclusive spectrum.

1. Spectra ofp and n at 8, =90'

First, we discuss energy spectra at 90' c.m. Multiplici-
ty selected data are shown in Fig. 17 for protons and in
Fig. 18 for pions. For both protons and pions the ob-
served slopes are less steep for high-multiplicity events.
This fact is consistent with an intuitive picture that the
collision is more violent at higher multiplicities.
If one fits the pion data with an exponential function

[Eq. (31] using the data for Eg=200—550 MeV, the. n one
obtains Eo——78+2 MeV for high-multiplicity events
(M&55) and Eo=66+2 MeV for M&45. For high-
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(π+,K+)実験の立ち上げ
KEK 12-GeV PS　⇔ BNL 24-GeV AGS 

K-強度ではかなわない。

(π+,K+)

Stopped K-



(π+, K+)

worked very well at BNL (1987, PANIC@Kyoto) 
from Be to Y

π+ intensity 107/s← limited by tracking detectors

Large solid angle spectrometer
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plets is small. Because the A hyperon is uninhibited by the Pauli principle, it is free to occupy any shell-model orbital,
and it is therefore an unsurpassed probe of nuclear single-particie states.
The experiment described here was performed using the low-energy separated beam (LESB1) at the Brookhaven Na-
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tional Laboratory Alternating Gradient Synchrotron
(AGS). Table I displays the relevant experimental con-
ditions. The system uses the end elements of the beam
line, together with tracking chambers and scintillators, to
determine the phase space and Aux of the incident pion
beam. Although more than 10 pions were available in
each AGS spill, only about 10 could be used due to
detector rate limitations. The Moby-Dick spectrome-
ter ' set at 0=10 was used to analyze the emerging
EC+ momentum. High-rate drift chambers and timing
scintillators were used to track and identify the particles.
Higher-rate runs shown in Table I were necessary to
measure the small cross sections associated with
ground-state production in the heavier targets. In
order to reduce the on-line trigger rate to an accept-
able level for these runs, a Lucite Cerenkov veto counter
was placed just downstream of the target. The carbon
present in this detector, isolated with a suitable vertex
cut in the analysis, allowed continuous monitoring of the
system resolution function and cross-section scale. A
4.7-mm Pb filter was inserted at the mass slit of the
beam separator for part of the run to allow a determina-
tion of the positron contamination of the tr+ beam (less
than 10%).
For the ' C target, a scintillation counter was used

and the large signal associated with the decay of a bound
hyperon provided an optional spectrum (not shown) with
a large measure of quasifree-reaction suppression.
The results of this experiment are displayed in Figs. 1

and 2, where the data have been binned into 1-MeV his-
tograms. Many of the targets produced spectra with
characteristic peaks which can be plausibly ascribed to
particle-hole excitations. The theoretical interpretation
of (tr+, K+) spectra has been described in some detail
by Milner et al. and by Peng. This is based on dis-

torted-wave Born-approximation calculations which in-
clude a Fermi averaging of the elementary cross section,
optical-model potentials fitted to the 800-MeV/c z+ and
K+ elastic-scattering data of Marlow et al. , and experi-
mental values for the neutron pickup strengths from the
targets.
The results of these calculations, with A single-particle

energies from a A-nucleus potential based on the ener-
gies of the most prominent experimental peaks, were
used to provide a set of initial parameters for least-
squares fits of the experimental spectra. For all but one
of the targets, a Gaussian resolution function with a full
width at half maximum of about 3 MeV, corresponding
to the spectrometer resolution, was assumed for the A
bound states. The 'V target was run in tandem with a
' C target and the additional target energy loss degraded
the resolution to approximately 4 MeV. A broad distri-
bution of fragmented particle-hole states is expected to
lie below the principal peaks expected in Figs. 1 and 2.
This distribution was approximated by the tail of a
Gaussian extending from the "quasifree" A production
region down into the bound-state region.
Because of these assumptions, the curves of the figures

should be regarded only as guides to the eye. The agree-
ment with distorted-wave Born-approximation (DWBA)
estimated cross sections is reasonably good for all tar-
gets. A more detailed comparison with DWBA predic-
tions is underway and will be published separately. In
addition to the targets listed here, data were taken with a
' C benzene liquid scintillator; the large background
present because of the target windows of this sample pre-
cluded an unambiguous interpretation of this case.
In Table II are summarized the ground-state or s-shell

binding energies for the seven targets shown, as well as
the (tr+,K+) production cross sections in the laboratory
frame. It is instructive to compare the present results to
a (K,tr ) survey reported by Bertini et al. , which in-
cludes many of the same targets. In the latter work, the
spectra are dominated by the substitutional 0+ config-
uration, which lies near threshold for A binding, and
there is little population of bound A states. In contrast,
the (tr+, K+) data presented here provide an unambigu-
ous description of A binding energies as a function of
mass number.

TABLE II. The measured s-shell A binding energies and
ground-state production cross sections in the laboratory frame.

10 2 —:,'0
I I I I

-20 0-10
-EE (MeV)

10

FIG. 2. The least-squares-fitted spectrum obtained in this
experiment for Y. The relative positions of the A single-
particle states, as labeled, are in agreement with the particle-
hole assignments expected from the DWBA analysis.

Nucleus

ABe
'AC
16O
28si
':Ca
AV
AY

BE (MeV)
6.49 ~ 0.68
10.75+ 0.10
12.50 w 0.35
16.00+ 0.29
18.70+ 1.1
19.9+ 1.0
22. 1 ~ 1.6

rr (pb/sr)

0.87 w 0.34
10.36+ 0.61
1.68 ~ 0.36
2.06 w 0.34
0.48 ~ 0.28
1.00+ 0.56
0.54 w 0.38
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Struggle with PIK

核研

阪大江尻研

LAMPF、他

f or s t udy i ng nuc l ea r and hype rnuc l ea r s t ruc t ur es , t hey
a r e qu i t e powe r f u l f or s t udy i ng m i c roscop i c nuc l ea r
s t ruc t ur es and i n t e r ac t i ons assoc i a t ed w i t h sp i n , i sosp i n
and s t r angeness degr ees o f f r eedom . Good spec t rome -
t e r s f or med i um- ene rgy mesons a r e essen t i a l f o r t he
expe r i men t a l s t udy o f t hose r eac t i ons .

Th i s pape r r epor t s on t he des i gn and pe r f o r mance o f
a broad r ange spec t rome t e r , P I K (P i on and Kaon Spec -
t rome t e r ) , wh i ch has been cons t ruc t ed f or hype rnuc l ea r

spec t roscopy by (%+ , K+) r eac t i ons . I t has been used
f or ( , r + , K + ) r eac t i ons on 12 C and 56 Fe a t PR =1 . 05
GeV / c . I t i s a l so kep t i n m i nd t ha t t he spec t rome t e r
can be used f or s t udy i ng nuc l ea r r eac t i ons i nvo l v i ng
med i um- ene rgy mesons as men t i oned above .

2 . Des i gn pr i nc i p l es and t he ou t l i ne o f t he P I K spec -
t rome t e r

The des i gn pr i nc i p l es f o r t he P I K spec t rome t e r a r e
as f o l l ows :

( a ) S i nce i nc i den t beams and sca t t e r ed pa r t i c l es a r e
w i de l y spr ead i n momen t um , bo t h i nc i den t and sca t t e r ed
pa r t i c l es have t o be ana l y zed i n orde r t o ob t a i n t he
i nva r i an t mass o f r es i dua l nuc l e i and hypenuc l e i . Two
spec t rome t e r s w i t h t r ack i ng chambe r s a r e i ns t a l l ed f or
t h i s purpose . One i s a beam ana l y ze r (BA ) , wh i ch

M . A ke i e t a l . / A broad r ange spec t rome t e r f o r meson spec t roscopy 47

de t e r m i nes t he i nc i den t beam momen t um , and t he o t he r
i s a pa r t i c l e ana l yz e r (PA ) , wh i ch measur es t he sca t t e r ed
pa r t i c l e momen t um .

(b ) Leve l spac i ngs o f ma j or she l l s i n hype r nuc l e i a r e
t yp i ca l l y 5- 8 MeV . I t i s , t he r e f or e , r equ i r ed t o have a
momen t um r eso l u t i on be t t e r t han 0 . 3% , so t ha t one can
ob t a i n an ove r a l l ene r gy r eso l u t i on good enough t o
obse r ve t he ma j or she l l s t ruc t u r e o f med i um-heavy hy -
pe rnuc l e i .

( c ) C ross sec t i ons o f r eac t i ons i nvo l v i ng med i um
ene rgy mesons a r e r a t he r sma l l . Because t he beam i n -
t ens i t y o f a p i on beam i n t he 1 GeV / c r eg i on i s ve r y
much l i m i t ed and t he c ross sec t i ons o f t he ( i T + , K ' )
r eac t i on l ead i ng t o bound hype rnuc l ea r s t a t es a r e o f t he
or de r o f a f ew wb / s r , y i e l ds o f hype r nuc l e i a r e expec t ed
t o be sma l l . I t i s i mpor t an t t o des i gn a spec t rome t e r
w i t h a l a rge so l i d ang l e and a b r oad momen t um r ange
i n orde r t o make expe r i men t s f eas i b l e .

(d) The pa t h l eng t h o f t he PA has t o be as shor t as
poss i b l e t o keep t he sur v i va l r a t e o f kaons em i t t ed i n
t he ( - i r + , K + ) r eac t i on as h i gh as poss i b l e .

( e ) The P I K -BA i s equ i pped w i t h t r ack i ng chambe r s
ope r ab l e w i t h h i gh - f l ux i nc i den t p i ons up t o 10 7 s - t
and keep i ng good pos i t i on r eso l u t i on . The P I K - PA a l so
r equ i r es t r ack i ng chambe r s o f h i gh r a t e capab i l i t y so as
t o measur e pa r t i c l es em i t t ed a t f or wa r d ang l es i nc l ud i ng
0 ° .

F i g . 1 . The P I K spec t r ome t e r i ns t a l l ed i n t he K2 beam l i ne a t KEK -PS. F I K -BA : beam ana l yze r , P I K -PA : sca t t e r ed pa r t i c l e ana l yze r ,

Q5-7 : quadr upo l e magne t s , BH : 7 - segmen t p l as t i c sc i n t i l l a t or beam hodoscope , BDC1-5 and DC1-4 : dr i f t chambe r s , TOF wa l l : 10

segmen t s o f p l as t i c sc i n t i l l a t or s , AC : 2- l aye r ae roge l Che r enkov coun t e r s , and LC : 11- segmen t Luc i t e Che r enkov coun t e r s .
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F i g . 13 . ( a ) M i ss i ng mass spec t rum o f t he 12 C ( i T + , K + ) r eac
t i on as a f unc t i on o f BA . (b) The same spec t r um ga t ed by a

l a rge pu l se he i gh t s i gna l f r om t he t a rge t sc i n t i l l a t o r .

p i ons f rom t he meson i c decay o f A i n t he quas i - f r ee
r eg i on do no t . Thus t he quas i - f r ee con t i nuum i s sup-

pr essed i n t he ga t ed spec t r um . Two peaks a r e seen i n
t he spec t r a . One (A ) appea r s a t BA =11 MeV , and t he
o t he r (B ) a t BA = 0 MeV . S i m i l a r peaks have a l r eady
been obse r ved i n pr ev i ous s t ud i es o f t he ( i r + , K + ) r eac -
t i on a t BNL [3 , 4] , and o f t he (K - , i T - ) r eac t i on a t
CERN [19] . Peak A has been ass i gned t o t he 1 - g r ound
s t a t e o f A12 C w i t h t he con f i gu r a t i on s l / 2 (A )p3~2 (n) , and
t he o t he r peak , B , has been ass i gned t o t he 2+ s t a t e w i t h
t he con f i gur a t i on P3 / 2(A )p3 i 2(n) [ 3] .
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F i g . 14 . M i ss i ng mass spec t rum o f t he ( i r + , p) r eac t i on on a
po l ye t hy l ene (CH 2 ) t a rge t . The d i s t i nc t peak cor r esponds t o
t he ' H ( i r + , p) -n + r eac t i on . The broad bump cor r esponds t o t he

12 C ( m+ , p) r eac t i on .
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Tab l e 3
The ob t a i ned d i f f e r en t i a l c r oss sec t i on ( i n I b / s r ) f o r t he
ground s t a t e o f AC i n compa r i son w i t h t he DW I A ca l cu l a t i on
181

AC (2 + )
P r esen t ( ® l ab = 3 . 0 ° )

�

17 ±4

�

24 ± 6
Mo t oba e t a l . ( ® i eb = 3 . 0 ' )

�

16 . 2

�

22 . 5

4. 3 . The ( r + , p) r eac t i on

55

The background l eve l i n t he r eg i on BA > 11 MeV i s
shown t o be l ess t han 0 . 05 gb / s r MeV . M i ss i ng mass
spec t r a o f t he ( i r + , K + ) r eac t i on we r e a l so measu r ed t o
es t i ma t e t he background i n t he r eg i on BA < 11 MeV . I t
i s shown t ha t t he background i nc r eases gr adua l l y as BA
dec r eases , bu t does no t exceed 0 . 3 Rb / s r MeV i n t he
who l e r eg i on o f t he measu r ed spec t rum .

The ene rgy r eso l u t i on o f t he pr esen t spec t rome t e r
f or t he (w + , K + ) r eac t i on on 12C was 4 . 7 t 1 . 0 MeV ,

wh i ch was es t i ma t ed f rom peak A i n f i g . 13a .
The d i f f e r en t i a l c ross sec t i ons f o r t he ground and

exc i t ed s t a t es we r e ob t a i ned as shown i n t ab l e 3 . The
r eac t i on c ross sec t i ons agr ee we l l w i t h t he DW I A ca l cu -
l a t i on [ 20] , as shown i n t ab l e 3 .

S i nce t he abso l u t e c ross sec t i on o f t he 1 H ( - i r + , p) i T +
r eac t i on i s we l l known and r easonab l y l a rge [18] , a
measur emen t o f t he c ross sec t i on i s su i t ab l e t o check
t he ove r a l l pe r f or mance o f t he P I K spec t rome t e r , i . e . ,
t he so l i d ang l e o f t he P I K -PA spec t rome t e r , t he de t ec -
t i on e f f i c i ency o f t he t r ack i ng chambe r s , t he da t a t ak i ng
e f f i c i ency o f t he da t a acqu i s i t i on sys t em and t he e f -
f i c i ency o f t he ana l ys i s p r ocedu r e .

The p i on beam momen t a i n t he ' H ( i T+ , p ) , T+ r eac -
t i on we r e chosen t o be 490 and 510 MeV / c . The

cor r espond i ng momen t a o f t he sca t t e r ed pro t ons a t
Op - 0 " a r e 704 and 730 MeV / c , r espec t i ve l y . These
momen t a we r e se l ec t ed because t hey we r e nea r t he
momen t um o f t he K + f rom 12C ( , i r+ , K + )12C (g . s . ) . A
po l ye t hy l ene ( CH 2 ) p l a t e o f 1 cm t h i ckness was used
f or t he t a r ge t . The magne t i c f i e l d o f t he P I K - PA was se t
a t t he same va l ue as i n t he s t udy o f t he hype r nuc l e i v i a
t he ( i r + , K + ) r eac t i on . The ang l e o f t he P I K - PA spec -
t rome t e r was se t a t 4 ° , wh i ch spans 0 ° -8 ° t o pr even t
t he i nc i den t beam f rom h i t t i ng t he f r ame o f t he cham-
be r , t he s i de wa l l o f t he P I K - PA , e t c . The t r i gge r

6~rI O r d i t i on was
Tr i gge r (pro t on)

= BH *TOF wa l l *AC* LC* ANT I *STL . 3

Add i t i ona l an t i coun t e r s we r e added t o r e j ec t t he
background due t o t he beam h i t t i ng t he f r ame o f cham-
be r s ( DC3-4) and t r i gge r coun t e r s . The STL was gene r -
a t ed by on l y t wo s i gna l s : (1) t he t i me o f f l i gh t be t ween

486

O

O

O

U
U

O

U

A t Ae i e l a l . / The O r + , K+) r eac t i on

- BA (MeV )

F i g . 3. ( a ) The obse r ved ene rgy spec t rum o f ~56 17e . The background l eve l i s eva l ua t ed t o be
sma l l e r t han 0 . 03 , ub / s r - MeV a t -BA = 20 MeV . The bo l d so l i d l i ne cor r esponds t o t he
spec t r a l shape ca l cu l a t ed t ak i ng i n t o accoun t t he exc i t a t i on o f t he cor e nuc l eus . Con t r i bu t i ons
f rom sem i - emp i r i ca l l y deduced neu t ron-ho l e s t r eng t h , ( f 7 / , )+1 , WS / 2 ) -1 , ( d 3 / 2 ) -1 , (p3 / 2 ) -1 and
( s I / 2) -1 w i t h t he expe r i men t a l ene rgy r eso l u t i on a r e a l so shown . The do t t ed l i ne r epr esen t s a
spec t r um due t o (p3 / 2 ) - I , ( S i / , ) - I , and r esonance and quas i f r ee con t r i bu t i ons . (b) D i s t r i bu t i on
o f s t r eng t h f unc t i on f or ~ Fe ca l cu l a t ed by Mo t oba e t u l . 4 ) . The so l i d l i ne shows an expec t ed

spec t r um f o l ded w i t h t he 5 . 5 MeV r eso l u t i on .

Λ
12C 4.7 MeV

Λ
56Fe 5.5 MeV



SKSスペクトロメーター
橋本、山野井、松

山、遠山、本間、

他

核研より概算要求

1987年建設開始



SKSのチャレンジ
超伝導磁石：3 T

KEK新冨、槙田、土井、青木、近藤、他

∆p/p=1/1000 → 2 MeVの分解能

高精度磁場測定：長谷川、永江、宮地、森本

検出器系：松山、関本、長谷川、永江、他



SKS磁場測定装置

120,000 points x 7 
excitations in 1.5 
months



北カウンターホール



SKS建設の歴史
1987: 建設開始

1990: 超伝導磁石完成→北カウンターホールへ据え付け

1991: 冷凍システム完成

1991.9: 3T励磁に成功！→磁場測定

1992.2: SKS+K6ビームコミッショニング開始

1992.10-11: E269実験(π-C弾性散乱）データ取得

1993.1-7: E140a実験データ取得開始（最初の(π,K)実験）



E140a:

First (π+,K+) exp. with SKS
Targets:10B, 12C, 28Si, 89Y, 139La, 208Pb

 12ΛC: First observation of core-excited states

Confirmed Λ Shell Structures up to 208ΛPb

La Pb

T.Hasegawa et al., Phys. Rev. C53 (1996) 1210



E369: Λ
12C

Best energy resolution

∆E(FWHM)
= 1.45 MeV

2.0 MeV
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ΛY：in E369

Single Gaussian(σ)

p: 2.4±0.2 MeV

d: 3.0±0.2 MeV 

f: 4.6±0.5 MeV



SKSでの実験のまとめ
実験期間：1992～2005（14年間）

K2Kライン建設のため１年間シャットダウン

実施ビームタイム：～1700シフト（570日）

実験数：１５課題

Ph.D取得数：２０人　
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Target 

K1.8 beam line 
spectrometer 

SKS まとめ
LBLでの重イオン実験

SKSスペクトロメーター

15年間にわたって世界をリード。

多くの若手研究者を輩出。

(π,K)スペクトロスコピー

広い質量領域でのラムダ一粒子軌道の観測

コア励起状態、Genuineハイパー核状態等の観測

中性子やガンマ線との同時計測に有効


