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Imaging sources with fast and slow emission components
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We investigate two-proton correlation functions for reactions in which fast dynamical and slow evaporative
proton emission are both present. In such cases, the width of the correlation peak provides the most reliable
information about the source size of the fast dynamical component. The maximum of the correlation function
is sensitive to the relative yields from the slow and fast emission components. Numerically inverting the
correlation function allows one to accurately disentangle fast dynamical from slow evaporative emission and
extract details of the shape of the two-proton source.
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Intensity interferometry, the investigation of two-particle niques have been recently develod@@—24 that provide
correlation functions at small relative momenta, can providehe capability to analyze the shape of the correlation function
important information about the space-time characteristicend thereby extract much more detailed information about
and underlying dynamics of particle emitting sourfes6].  the particle emission mechanism. In this paper, we apply
At incident energies below the pion threshold, two-protonthese techniques to analyze correlation functions for systems
correlation functions[1,4,5,7-20 have been the tool of With strong admixtures of fast and slow emission compo-
choice for studying various equilibrium and nonequilibrium Nents. Using general arguments, we show that the width of
emission processes. Initial analyses of two-proton correlatiofe correlation peak provides a clear measure of the source
functions in terms of instantaneous emission from source§ize for the fast component and that the height of the corre-
with Gaussian density profiles have yielded source radii thal@tion peak provides the key information about the relative
strongly depend on the energy of the emitted particlegields from the fast and slow emission components. We con-
[9,12,13,21, indirectly signaling the importance of lifetime, firm these insights by a detailed reanalysis of the shapes of
expansion, and/or cooling effects. Later comparisons of megWo-proton correlation functions that were measured previ-
sured correlation functions to predictions of reaction modelsously for “N+**"Au collisions atE/A=75 MeV [12] and
assuming either slow evaporative emissiah, 12,19 or fast ~ Were described rather unsatisfactofiy2] by both BUU cal-
emission according to Boltzmann-Uehling-Uhlenbackculations and by zero-lifetime Gaussian sources.

(BUU) transport calculation$12,13,16—19,2]l have pro- Experimentally, théangle-integratedtwo-proton correla-
vided more quantitative understanding. In particular, some ofion function 1+ R(q) is defined in terms of the two-particle
the correlation functions measured for intermediate-energgoincidence yieldY,(p;,p,) and the single particle yields
nucleus-nucleus collisions have been quantitatively reproY1(P1) andYy(pz),

duced by BUU transport calculations in a number of cases

[12,13,18. Other data, primarily at higher incident energies _

[17-19, indicated emisgion tirr)1/e sca?es significantly Ior?ger 2 Yo(pr,p2) =CILFR@)IZ Ya(POYi(P2)- (D
than that predicted by BUU transport theory. This led to

speculation§19] that proton emission consists of two major Here,p; andp, are the laboratory momenta of the two co-
components involving significantly different time scales—aincident particlesq= uv ¢ is the momentum of relative mo-
fast component consistent with BUU transport theory prediction, and C is a normalization constant chosen such that
tions and a slower component that might originate from thgR(q))=0 for largeq where final-state interaction effects are
sequential decay of unstable nuclei produced in multifragnegligible. For a given experimental gating condition, the
mentation reactiongl9]. Such scenarios may be rather com-sums on each side of E(L) extend over all particle energies
mon, with the decay of an equilibrated residue contributingand detector combinations corresponding to each bin of mo-
to the slow component at incident energies below the multimentumag.

fragmentation threshold and the decay of excited fragments Theoretical correlation functions are calculated from the
from multifragmentation processes contributing to the slowangle-averaged Koonin-Pratt formulh,3,10,23

component at higher incident energies. When such slow
components are present, quantitative comparisons to dynami-
cal models are contingent upon a determination of the rela-
tive contributions of these fast and slow componga®.

Up to now, proton-proton correlation function analyseswhere the source functio8(r) is defined as the probability
have focused upon obtaining a satisfactory description of thdistribution for emitting a pair of protons with relative dis-
maximum of the correlation function and comparatively little tancer at the time the second proton is emitted. The source
attention was paid to its shape. Numerical inversion techfunction reflects both the spatial extent and lifetime relevant

R(Q)=47TJ dr(r)?K(a,r)s(r), 2
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102 : : — interaction and the Pauli principle are the major factors and
‘ ER 110 the measurements are very difficult.
. ] The similarity of the dashed and solid lines gt
10 0.5 >10 MeV/c in Fig. 1 makes it clear that the correlation

function, at such relative momenta, is sensitive only to the
fast dynamical portion of this source. However, the long time
scale evaporative decays cannot be ignored. To illustrate
clearly their influence, let us discuss an extreme example
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-05 where the emission is dominated by two componefitisan
o instantaneous fast component; £0) and(2) a slow com-
10 & 10 20 30 20 50 0 ponent with a sufficiently long decay time scale such that its

correlation function is negligible 7b~~). If fast emission
provides a fractiorfi of the emitted protonsy; ¢55=1fY4, and
FIG. 1. The solid line indicates a representative two-protonjf sjow emission provides the remainddf, ¢;o,,= (1— )Yy,

source function for intermediate energy collisions. The dashed anghe resulting correlation functioR(q) will reflect only the
dot-dashed lines provide a decomposition of the solid line into shortast source and will be given by

and long time scale emissions, respectively. Right panel: The solid,
dashed and dot-dashed curves show the correlation functions corre- R(q)= szfast(q)E)\RfaS[(q), 3)
sponding to the source functions in the left panel.

q (MeV/c)

where R,5(q) denotes the correlation function when only
ast emission is present. EquatidB) stipulates that the

to single proton emission. An increase in the emission timg“> 8 . .
gep eight of the correlation function peaR (20 MeV/c) is

scale broadenS(r), and for typical proton velocitie
nS(r) ypicaip Bproton  4ttenuated by the factor=f2; thus, when fast and slow

and time scalesr such thatv o007 is comparable to or o . ; .

larger than the spatial extent, the complications of finiteo, 1 oolon Processes adr_mx, the height of_the correlation pe_ak
. . ' . . . __alone does not determine the source size. However, by its

emission time scales need special consideration

e very construction, any property solely derived from the
[1,5,10,11,14,15,20-25The difficult problem posed by the 206 of the correlation function for fast emission such as the

simultaneous presence of very short and very long time scalg:ih of the correlation peakA gryhy, Will remain unaf-
emissions is discussed below. The angle-averaged kerngloieq.

K(q,r) is calculated from the radial part of the antisymme-  For simplicity, we assume that the fast component has a
trized two-proton relative wave function. At short distances,simple Gaussian profile,

K(g,r) is dominated by the strongly attractive singlet

Swave proton-proton interaction that gives rise to a maxi- 1 r2

mum in R(q) at relative momentung~20 MeV/c. Both Se(r)=——7,38XQ — 3| 4

the long-range repulsive Coulomb interaction and antisym-

metrization produce a minimum at~0 MeV/c [1]. Both  \yhere \[3r, is the Gaussian rms relative proton-proton
the peaks atq~20 MeV/c and the minimum atq  soyrce radius. For such Gaussian sources, the parameter
~0 MeV/c are clearly visible in the correlation function describes the spatial distribution of emission points for zero-
represented by the solid line in the right panel of Fig. 1. jifetime sourceg1]. ForA=f2=1, r, is uniquely related to
The solid line in the left panel of the same figure repre-the heightR (20 MeV/c) (see the curve witf=1 in the
sents the source function for this correlation function. Itsjower right panel of Fig. 2 and to the widt/Ageywyu, (See
shape, reflecting both short- and long-ranged components, ile top right panel of Fig. )2of the correlation peak. This
representative of intermediate energy heavy ion reactionsimple two-component modéSTCM) thus contains two pa-
The short-ranged contribution, approximated by the dasherameters, the Gaussian source radigsnd the fraction of
line in the left panel, peaks at=0 and originates from fast coincident pairs resulting from the fast emission compo-
dynamical emissions that dominate the earlier stages of theents\ = f2. Results obtained with the STCM are illustrated
reaction. This short-range contribution generates the correldn Fig. 2. Consistent with the previous discussion, the top
tion function described by the dashed line in the right panelright panel demonstrates thatjyy depends uniquely on
The long-ranged contribution, approximated by long expo-+he radius of the fast source,. The bottom right panel dem-
nential tail at larger values (dot-dashed line, left panel onstrates thaR (20 MeV/c) depends on bothy andf. The
corresponds to the emission of one or both protons via londeft panel further emphasizes this latter feature by showing
time scale secondary decays of excited fragments or thiéhat the same value of the correlation maximum can be
heavy residue, which are produced in the same collisionachieved for different values af, andf.
Unlike the fast component, the secondary decays that con- Thus, measurements of the widNggyy Of the corre-
tribute to the long-ranged contribution occur over muchlation function provide a direct measure of the size of the
longer time scales than can be reliably described by theource. Measurements of bafggyw and the correlation
transport theory. Moreover, the influence of this long time-function maximumR (20 MeV/c), provide a unique deter-
scale componentot-dashed line, right paneis negligible  mination of the relative strengths of equilibrium and dynami-
everywhere except aj<15 MeV/c, where the Coulomb cal emission components. This finding should remain ap-
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FIG. 3. The left panel shows two-proton correlation functions

FIG. 2. Two-proton correlation functions predicted with the measured[12] at 6,,,~25° for “N-+1%7Au collisions at E/A
schematic two-component mod&TCM) discussed in the text. The =75 MeV for three different cuts on the total momentuRy,,
left panel gives examples of correlation functions with similar =|p;+p,|, of the coincident protons pairs, between 270 MeV/
heights of the correlation peak, but different widths. The top right<P,;<<390 MeV/c  (circular  pointg, 450 MeVIc<Piy
panel illustrates the unique relation between source size and widtki 780 MeV/c (triangular points and between 840 Me¥¢K Py,
of the correlation peak; the line corresponds to a linear best fit to thec1230 MeVk (square points The right panel shows the correla-
points. The bottom right panel illustrates the relation between thdion function for the 270 MeW<P.,;<390 MeV/c cut on an
height of the correlation peak, source radius, and fraction of protorexpanded vertical scale. The various curves are discussed in the

emission originated from fast processes. text.

proximately valid for more realistic emission time scales, 0momentum gates, respectively, but the widths of the correla-
< Trast<Tsiow<®, Provided v protonTsiow™ M'source  and tion function peaks cannot be reproduced by these calcula-
UprotonTrast™I'source: W€ emphasize that the correlation tions [12]. Indeed, the widths of the measured correlation
function is only sensitive to the details of the long-lived functions remain roughly constant at abowqrypwm
component at very small relative momentgs:15 MeV/c ~19-22 MeVk, which implies nearly constant source radii
[1,4,5,11,15 where the long-lived componeritiot-dashed according to Fig. 2. This inconsistency means that these
line in Fig. 1) generates a nonvanishing correlation function,strongly momentum-dependent radius parameters are incor-
Rsiow{q) #0. It may be difficult to utilize this sensitivity to  rect.

probe the details of the long-lived component when the cor- A somewhat better description of this experimental data
relation function exhibits a large peak at 20 MeMeflect-  can be attained with the STCM by the suitable choice of its
ing the additional presence of a strong short-lived compofree parameter§r, and A in Egs. (3) and (4)] [26]. The
nent. STCM approach describes well data that are dominated by
We now apply these ideas to the interpretation of two-fast dynamical proton emission; the STCM fit for the high
proton correlation functions measured ép~25° for N momentum gate (840 Me¥k P,,<1230 MeVk) is Vir-
+19Au collisions atE/A=75 MeV [12]. The points on the tually identical to the fit obtained by the numerical inversion
left panel of Fig. 3 show the correlation functions measuregrocedure discussed belo@he results of the numerical in-
for proton pairs with three different cuts on their total mo- version procedure are shown on the left panel of Fig. 3 by
mentum Py,=|p;+p,|, 270 MeVE<P,;<390 MeVic  the thick gray curves labeled “imaging.On the other hand,
(circular pointg, 450 MeVIc<P,,<780 MeV/c (triangu- the STCM describes poorly the low momentum data for
lar pointg, and 840 MeVE<P,<1230 MeVk (square 270 MeV/c<P,,;<390 MeV/c, which have significant
pointy. As observed for many other reactions contributions from moderate to very long-lived sources. This
[9,12,13,18,19,21 the height of the correlation peak in- is clearly shown in the right panel of Fig. 3, which compares
creases with increasing,;. Correlation functions for zero- the data, the one-parameter Gaussian analykis-dashed
lifetime Gaussian sources are shown as dot-dashed curve#ie) and the best-fit STCM analysithin solid line for the

the measured values B (20 MeV/c) can be reproduced by low momentum gate(Note, the vertical scale in the right
using strongly momentum dependent radius parametgrs panel has been magnified to allow more sensitive compari-
=5.9 fm, 4.2 fm, and 3.4 fm for the low, medium, and high sons; the data, the single Gaussian source-fit, and the numeri-
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-4 shape of the source function is actually not Gaussian. One
X 1 0 could attempt to address the mixture of fast and slow com-
25 ponents by contructing a model of this mixtJr&7]. How-
L [ I I l ! | ever, we believe that accurate information from correlation
L Sou rces 41 functions when there are significant contributions from long-

lived sources may be better obtained by avoidagriori

. 1  assumptions about the shape of the source.

L Imaglng B We do this by numerically inverting the correlation func-

. | tions to construct an image of the emission source as de-

—+—+@Gaussian | scribed in Refs[22—24. Following Ref.[24], the emission

4  sourcesS(r) for the protons were parametrized ovesD

= <20 fm by six third-orderb-spline polynomials, and the

numerical inversion of Eq(2) was achieved via the optimi-

zation algorithm of Refs[23,24]. The thick gray curves in

i Fig. 3 show the best fits to the experimental data with this

-{ imaging approach. The agreement is excellent.

. The extracted source functions are shown in Fig. 4. The

widths of these curves represent the lower and upper limits

defined byo error bars of the extracted source functions. The

uncertainties, small at<7 fm, become very large at

: =12 fm. Better data in the small momentum regioq (

- <10 MeV/c) of the correlation functions could provide im-

x‘\ 1 proved constraints on the source at large radii where the
source shape is mainly determined by the time scale of the

S e

slow emission component. Unfortunately, this part of the cor-

0246

1 O relation function is difficult to measure and the precision of
f the data atg<10 MeV/c is limited, as shown in the left
r ( m) panel of Fig. 3.

The shapes of the imaged sources and their integrated
FIG. 4. The grey bands show sources reconstructed from thgalues atr=12 fm provide clear evidence for a two-
data (Fig. 3) via the inversion technique of Reff22-24. The  component structure consistent with the occurrence of emis-
dot-dashed lines indicate the sources corresponding to the Gaussighn on two very different time scales: a sharply localized
source fits in the left panel of Fig. 3. For both the grey bands an¢entra| region that can be attributed to a fast emission com-
dot-dashed lines, the sources for the highémives) momentum  yonent and a tail region that can be attributed to a slow
gates have the large@malles} values ar <2 fm. emission component. The half-density radii from the radial
source profilesy,,, and the yield ratidf from the central
cal inversion fit are the same as in the left pan€learly, the  (r<3r,;,) region of the imaged source distributions are
best-fit STCM correlation function is wider than the best-fitgiven in Table I. Consistent with the weak momentum de-
single Gaussian source correlation function; the STCMpendence of the width&qgw iy Of the measured correlation
source radius ofg=4.1 fm is smaller than the single Gauss- functions and contrary to the single Gaussian source fits, the
ian source radius ofy=5.9 fm, consistent with the trends source radii vary little wittP,,,. The strong total momentum
demonstrated in Fig. 2. The measured correlation function islependence of the maximum values of the measured corre-
even wider, implying that the true source is smaller than thatation functions reflects the momentum dependence of the
extracted via the STCM. However, the correct radius infor-relative contributions from the fast dynamical and slow
mation cannot be extracted with the STCM because thevaporative emitting sources. The fast components dominate

TABLE |. Values for the half radius, and the fractiorf of proton emission from the fast component,
which have been extracted following the procedures outlined in the text. The label “Gaussian” designates the
fits using a one-component Gaussian source of(&q.(For the Gaussian profiles;,,~1.18&.)

P.ot region 270-390 MeW 450-780 MeV¢E 840-1230 MeVe

ryz (fm) f ry (fm) f ry (fm) f

Numerical inversion 2.440.37 0.30:0.05 3.13:0.14 0.68-0.03 2.93-0.15 0.78:0.05

Gaussian 7 1 5 1 4 1
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the high total momentum gate4£0.78) and become less if the detailed shape of the correlation function is measured
important at lower momenta where they are reduced to abodbr very small relative momenta. Precision measurements of
f~0.30 for P,;=270-390 MeVE. At such low momenta, angle-integrated two-proton correlation functions may thus
long-lifetime emissions become more important. This abilityprovide a valuable diagnostic tool for reactions where fast
of imaging analyses to differentiate between fast and slovdynamical and slow equilibrium processes compete. Finally,
emissions will enable more quantitative comparisons withwe note that the simultaneous presence of short and long
transport theories in the future. time scale emissions may also be relevant for two-pion cor-
In summary, we have investigated the characteristics ofelations at higher energies where some of the measured par-
angle-integrated two-proton correlation functions for sce-icles are produced via the decay of hadronic resonances
narios in which protons are emitted on two very different[6,26—-30. Whether the imaging techniques that are so useful
time scales. An example of such a scenario would be fasfor these analyses of two-proton correlations can be also use-
dynamical emission from the initial overlap of projectile and ful for two-pion correlations is a subject for future investiga-
target and slow equilibrium evaporation or secondary decaytons.
of particle unstable fragments. When both fast and slow
emissions are present, determination of the height and width
of the correlation peak allow the extraction of the initial ~ This work was supported by the National Science Foun-
source geometry associated with the fast component and thation under Grant Nos. PHY-95-28844 and PHY-0070818.
relative yields from the slow and fast emission processesPart of this work was performed under the auspices of the
More detailed information is obtained by numerically invert- U.S. Department of Energy by University of California,

ing the correlation function. Some additional information Lawrence Livermore National Laboratory under Contract
about the lifetime of the slow component might be extractedNo. W-7405-Eng-48.
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