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Imaging the space-time evolution of high energy nucleus-nucleus collisions with bremsstrahlung
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(Received 4 March 1999

The bremsstrahlung produced when heavy nuclei collide is estimated for central collisions at the Relativistic
Heavy lon Collider. Bremsstrahlung photons with energies below 100—200 MeV are sufficient to discern the
gross features of the space-time evolution of electric charge, if they can be separated from other sources of
photons experimentally. This is illustrated explicitly by considering two very different models, one Bjorken-
like, the other Landau-like, both of which are constructed to give the same final charge rapidity distribution.
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I. INTRODUCTION yield the same information, albeit at a much higher cost.
Nevertheless, a cross-check would be valuable.
The Relativistic Heavy lon Collider (RHIC) at In this paper, we wish to determine whether it is possible

Brookhaven National LaboratorBNL) will have its first  to discern the gross features of the space-time evolution of
beam available for experiments by the end of 1999. A basi¢he electric charge using bremsstrahlung photons with ener-
quantity of interest is the initial energy density of hot mattergies up to 100 or 200 MeV in the laboratory frame of RHIC
whose study is the ultimate physics goal. Hadronic measurdwhich is also the center-of-mass frame for a colljd&en-
ments may not illuminate the state of the system at maxierally a photon of energy 200 MeV would allow one to probe
mum density for two reasons: First, the system must expanélistances on the scale of 1 fm and times on the scale of
and cool to a sufficiently low density before quarks and glu-1 fm/c. At ultrarelativistic beam energies this is not quite
ons can bind into independent color singlet hadrons. Secon#fue due to the extreme forward focusing of the bremsstrah-
even after hadronization or confinement phase transitions tHeng. Nevertheless, the answer to the question implied at the
hadrons can scatter among themselves, changing their mBeginning of this paragraph is yes. In Sec. Il we work out the
mentum distributions. For these reasons hard photons arftecessary formulas for bremsstrahlung. In Sec. lil, we apply
lepton pairs have been considered better probes of the highto two extreme models: the first is Bjorken-like, which has
temperature plasma of quarks and gluons since the produ€onsiderable nuclear transparency, and the second is Landau-
tion rate of such radiation increases dramatically with temdike, which has maximum nuclear stopping. Both models are
perature. However, high transverse momentum photons arfgned to produce a flat rapidity distribution for the net elec-
lepton pairs can also originate from the lower temperaturdric charge so that measurement of hadrons alone could not
hadronic phase due to hadron-hadron collisions and decaylstinguish them. Sec. IV contains concluding remarks.
coupled with collective transverse expansi@Rocusing on
high mass pairs negates this to some extent but eventually Il. CALCULATION OF BREMSSTRAHLUNG
the Drell-Yan mechanism will overwhelm these at very high . - .
Consider a central collision of two equal-mass nuclei of

mass) In the absence of direct visual inspection of these h 7 in thei N ¢ ¢ : Denote th
nuclear collisions the next best option is to measure the eled1arge £ in heir center-o-momentum frame. Denote the

tromagnetic bremsstrahlung produced by the massive dece?peed of each bea”_‘ luy, and the correspon_ding rapidity by
eration of the nuclear electric charge. Yo, SO that the rapidity gap between projectile and target

The first theoretical study of nucleus-nucleus bremsstrah®Uclél is 3o. Velocity and rapidity are related by

lung at relativistic energies, of order 1 GeV per nucleon, was_ tanhy. Before collision each nucleus may be viewed as a

carried out by one of the authoft]. This was followed by flattened pancake with negligible thickness since the photons
Bjorken and McLerran who were interested in much higherV€ &€ con3|der|_ng cannot probe distances smaller than 1 fm.
beam energief2], and then by Dumitriet al. [3]. Most re-  FOf €xample, with a RHIC beam energy of 100 GeV per
cently Jeonet al. [4] studied bremsstrahlung photons with nucleon the Lorentz = 106 so that the diameter of a gold
energies less than 5 MeV and a detector design to measufé/cleus is contracted to 0.13 fm. ,

them at RHIC. Such an observation would allow for a deter- 1h€ formula for computing the classical bremsstrahlung
mination of the final rapidity distribution of the net electric fTom accelerated charges is well knoysl. For charges;
charge, which is one measure of transparency and stoppin§ith coordinatesr;(t), velocities v(t), and accelerations
obviously important for the initial energy density and the &(t) the intensity and number of photons emitted with fre-
formation of quark-gluon plasma. It may be argued that luency in the directionn are

direct observation of all electrically charged hadrons would
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w dt 10
A=2i qif_w Eexp{iw[t—n-ri(t)]}
an{[n_Vi(t)]Xai(t)}. @ 10° |
[1-n-v(t)]?

@
The sum over charges may of course be replaced by an in-g o |
tegral when the charge distribution is viewed as continuous. §

s
8

A. Soft bremsstrahlung

. 10'
For low frequency photons, the nucleus-nucleus collision

appears almost instantaneous. To the extent that the trans
verse rapidities of the outgoing charged particles are small
compared to the beam rapidity one may then derive the for-

10°

0 é 10 15 20
mula[4] 0 (deg)
a2 FIG. 1. The intensity as a function of angle for very soft photons
= isirﬁg f erLcr(rL)e_i“’”'ri which results from a flat charge rapidity distribution. The intensity
dodQ) 472 is independent of frequency fes<1/R.
2
q v(y)p(r,y)  2v§cose where g=wRsin# and R is the nuclear radius. For small
X yl—v(y)cosa 1-02co20|| (3) angles and low frequencies the nuclear form factor is practi-
0 cally equal to 1.
Here it is convenient to take= (sin 6,0,cos#). The function f tT he _I(;l_iegdralt Qt\)/ etr_ ra.pldlty_clan efasHX be<pe<rform+er(]d for a
p represents the charge rapidity distribution at a distance tr? ripltl yd'lst r'lb ut_lon.p(y)— Fyo for =yo<y=Yyo. Then
from the beam axig and is normalized as € photon distribution 1s
o d?l _a22 2alE R_0220050
f_wdyp(h,y)=2, (4 dodQ 42> [F(wRsing)| SirPo
2 2
the 2 arising because the total charge & 2Ve cannot go _ 1 n 1+UOC050) _ 2v( C0sf
further without some knowledge of the distributip(r , ,y). yosirte \1—vocCosl/ 1-—p2coge
It is advantageous to have a simple analytic model with a 8
variable charge rapidity distribution. To this end, suppose (8)
thatp(r, .y) is independent of , . Then Becausev is close to 1, the distribution deviates strongly
from the quadrupole form, peaking near small but nonzero
d2i aZ? At RHIC the peak occurs ad~1°. The distribution is plot-
= ——sirf|F(w sing)|? ted in Fig. 1 for central gold collisions at RHIC witk
dwdQ g2

<1/R=30 MeV.
2

X

f 4 Wply)  2vgcosd

- , B. Hard bremsstrahlung
YT=0u(y)cosd 1-vZcoge

All the results above were already reported 4t and are
(5)  applicable for very soft photons. Here we will consider pho-
tons with energies up to 100 — 200 MeV with the expectation
that they will reveal the spatial and temporal development of
the nuclear collision. We will consider only central collisions
1 which can be triggered on experimentally with hadronic de-
F= _f d%r, U(rL)e—iwnn, (6) tectors, such as a calorimeter.
z For this purpose one can certainly invoke specific space-

] ] _ time models of nuclear collisions at RHIC. In this paper we
whereo is the charge per unit area of the nucleus. A solidwil| consider simple parametrizations of such collisions

sphere approximation should be adequate for large nuclei, iyhich represent extreme limits of such models. The general

which case formulas will be worked out here, in this section, and then
applied to these models in the next section.

(sin We will represent a large nucleus, such as gold, by a

——cosq),

whereF is a transverse nuclear form factor:

7) uniform spherical distribution of nucleons with proper den-

F(a)= >
a q® sity no=0.155 nucleons/ff An infinitesimal unit of charge
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FIG. 2. The charge element coordinate labels in the rest frame
of the nucleus.

. . - . FIG. 3. The charge rapidity distribution as it depends on the
will have a coordinate specified by and by the distance  (ansverse coordinate .

parallel to thez axis as measured from the backside of the

nucleus. For givemL the allowed value ofranges from 010 5 5roximately flat in rapidity. We choose the parametriza-
!ma>é(n)=2\/R - rf. Summatlon over all chargesn_Eq. @ tion Q(U)Zgl|max(u)—gz|ﬁqa>e(fﬁ whereg, andg, are posi-

is then replaced by an integral over andl. See Fig. 2. tive constants. The requirement of a net rapidity distribution
~ Each charge element undergoes some deceleration to\gsich s flat results irg,=2g,/3R. The physically sensible
final rapidity y. This deceleration will take a flnlte time and. requirement that the leading charge elements emerge from
can vary from one element to another. In this paper we Wilkpe collision with the original beam rapidity determines the
fix the flnal_ observed_ charge rapidity distribution and varys,nction f(r.) via |nar,)=f(r))yo+g(r,)sinhy,. Finally,

the space-time evolution to see whether hard bremsstrahlunge requirement that the charge rapidity distribution be non-
can provide mformqtmn not obtalnabl_e by measuring had'negative for all allowabley leads to the conditiong;
rons only. For definiteness we shall fix the final charge ra< 3/(y, coshy,—sinhy). For definiteness we choose the up-
pidity distribution to be flat. In individual nucleon-nucleon per limit g,=3/(y, coshy,—sinhy,) since this value brings
coII|5|qns it is known to be approximately proportional to o rapidity distribution as close to cogtasr, —R as pos-
coshy in the center-of-momentum frané]. In order to ob- g0 consistent with free space nucleon-nucleon scattering.
tain a flat rapidity distribution in a central nucleus—nucleusThe resultingd®Q/d?r , dy is plotted in Fig. 3, and is very
collision different charge elements must have a rapidity thagi ijar to what is obtéined inEXUS (see Fié. 1 of4)).
depends om, . The assumed relationship among these vari-  gqr 4 central collision of equal-mass nuclei at RHIC the

ables is primary accelerations occur along the direction of the beam
_ axis. By azimuthal symmetry the transverse accelerations
I=f(r )y+g(r )sinhy, (9  will, in addition, tend to cancel in the expression for the

) . ) amplitude. The contribution to the amplitude from the pro-
wheref andg are functions yet to be specified. This meansjectile will then be

that the last charge element in line will eventually come to
rest in the center-of-momentum frame.
The charge per unit area per unit rapidity is Ze R Imas" L) o
A+=5in9Knojodftho(UwSine)Jo dIJ dt
d? Zedl(r, , Ze
2 : =noX%wox[f(u)wm)coshﬂ- _ a(l,t)
dr, dy y X exp{io[t—2z(l,t)cosh]} :
(10) (1—v(l,t)cosh)?

To have a net flat rapidity distribution requires that

(12)

The expression for the contribution from the target nucleus
A_ will be the same except for the reversal of sign of the

R
f dr.r g(r,)=0. (1D position, velocity, and acceleration. Since there is a one-to-
0 one relation between the longitudinal labhelnd the rapidity
y, this amplitude may be written as an integral oyénstead

As 1, —R the distribution should have a minimumat0, o gverl| as

in accordance with proton-proton scattering, whereas when

r, —0 the distribution must have a maximum wat0 to

produce a distribution that is flat overall. This is physically Ze R vo dl(y,r,) (=
sensible because there ought to be significantly more deceh, =sin HK nof dr,r, Jo(r, wsin 0)f dyd—J
eration in the central core of the nucleus than at its outer 0 0 y
periphery. A linear extrapolation of nucleon-nucleon scatter- a(y.t)

ing to central collisions of gold nuclei at RHIB,6] pro- X dtexp{i w[t—2z(y,t)coso]} Y, . (13
duces just such a behavior with a net distribution that is [1—v(y,t)cosh]?

—0
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(a) Bjorken-like
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(b) Landau-like
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FIG. 4. Space-time evolution in a Bjorken-like model compared to that of a Landau-like model both=witHm/c. The curves indicate
contours of constarltandr, and so each cell, as delineated this way, contains the same amount of electric charge.
For a specified model of the deceleration this three- A. Bjorken-like model
dimensional integral must be evaluated numerically.

This model assumes that the nucleons undergo a constant
deceleration upon nuclear overlap. It essentially assumes
transparency7] of electric charge although the final charge

In this section we will describe two extreme models for rapidity distribution is assumed to be flat. Because the nuclei
the space-time evolution of a central nucleus-nucleus colliare so highly Lorentz contracted initially, it is an excellent
sion at RHIC. The real world will undoubtedly be different approximation to assume that all charge elements are located
than either of these. However, our point is that hard bremsat z=0 at the moment=0 of complete nuclear overlap. A
strahlung may be used to discern the gross features of thghoton with energy less than 200 MeV would never be able
evolving charged matter, something that hadron detectioto distinguish this from a Lorentz-contracted pancake of
alone cannot do because the final charge rapidity distributiothickness 0.13 fm. For a projectile charge element with
in these two models is the sanfley constructioin nuclear coordinatelsr , the position as a function of time is

Ill. TWO EXTREME MODELS
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(a) Bjorken-like
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(b) Landau-like
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FIG. 5. Same as Fig. 4 except that the Bjorken-like model hsvarying from 0.5 fm¢ atr, =R to 13.9 fmkt atr, =0, and the

Landau-like model has fixed =10 fm/c.

Uot, t<0,
z(1,r t)={ vot+a(l,r t%2, 0<t<t, (14
z(lr  t) +og(t=ty), <t

The deceleration is

vi—vo tanhy—tanhy
te ts '

a(l,r,)= (15

Remember that andv;=tanhy are related by Eq@9). The

trajectory of a target charge element is obtained symmetri-

thought of as strings connecting projectile and target charges,
causing them to decelerate at a distance, or by the finite time
necessary for particle production.

The deceleration timé; is allowed to depend on the
length of the tube as follows:

ti(r ) =to+Imadri)/co, (16)

wherety andc, are constants. Several choices of these pa-
rameters will be considered.

B. Landau-like model

cally. Note that the charges continue to decelerate even after This model assumes that the nuclei stop each other within
the nuclei have passed through each other. This may b& distance of one Lorentz contracted nuclear diameter, then
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6140 ; 32 14000 : 400
0=1 0=10°
I~ P - P
12000 | SN s AN 7N e 1 300
Q S roNs Ny N AN
= / X N / < NEVARN
= / A " / / N \
3 . N Y 4
§ 3 10000 | / AN ;N4 SN A 1200
= = ’ \ \ ’ VAN
Z = VAR N fo N /
s / \ / J /
3 8000 |/ \ / / \ / J 100
3 3 / \ / / N/
/ Nl N S A
P G - =
=3 0=20" e :/; 2%§
- T 4
1200 o~ - /N - 4=107mic]| 80
N, - Ts
a g 1000 SN \/ / \ - 4= 20 fmic o
< ) \ |
3 % 800 // \ ; / \
= | \ / ! \ .
E Z 600 // \\ / / \ \\ 4 40
s [/ \ ! i \ P
3 g o . \ A 1/ \ 2NN
s 200 [ P s T/ N/ N
T AN
0 : 0
180 : ‘ . ‘ s . 0 0 50 100 150 200 50 100 150 200
0 50 100 150 200 50 100 150 200 ® (MeV) ® (MeV)

o (MeV) o (MeV)

FIG. 7. The intensity distribution in the Landau-like model as a

FIG. 6. The intensity distribution in the Bjorken-like model as af nction of photon enerav for various anales. The fo s Cor-
function of photon energy for various angles. The three curves cornet P N energy for various angies. ur curves cor

respond to different acceleration times. respond to different acceleration times.

accelerate longitudinally due to the high pressiBg The the acceleration time in the Landau-like model to be inde-
deceleration occurs over such a short time interval that phopendent ofr, because this seems more relevant for a hydro-
tons of 200 MeV or less cannot resolve it. Thereafter ourdynamical model. In the Bjorken-like model we chose the
variation of Landau’s model assumes that the charge eleminimum time t,=0.5 fm/c because, even in free space,
ments accelerate uniformly to their final velocities. The tra-nucleon-nucleon collisions must occur over some finite time
jectories are parametrized as interval. The value of 0.5 fnt/ is suggested by the analysis
of Gale, Jeon, and Kapudif] of Drell-Yan andJ/ s produc-
v¢ tion in very high energy proton-nucleus collisions. The cen-
a(l,r)=—vod(t)+ — (1) Bt —1). (170 tral cores of the gold nuclei then require 13.9 énid decel-
f erate to their final velocities. Hence the average deceleration
The relationship amonfg v, andy is as above. In a hydro- time oug_ht to be comparable to the 10 {_mt_hose_n for the .
dynamical approach the final tinte is expected to be inde- Landau-like model. Apart from the quantitative difference in

pendent ofr | but it can be left as a parameter, just as in thef[he space-tim_e evolutiqn, the gap in the Bjorken-like model
Bjorken-like model ’ is now more like an ellipse than a slab.

The intensity distribution in the Bjorken-like model is
plotted in Fig. 6 for the angles 1°, 5°, 10°, and 20°. Three
values ofcy have been chosen for display: 0.5, 1, andThe

Before comparing the bremsstrahlung produced in thesgalue ofty has been fixed at 0.5 fro/in all cases, although
two models let us compare the space-time evolutions. In Fighe results are practically the same with ag1 fm/c. The
4 we plot cells bounded by lines of constargndr, in the three values ot, correspond to final times for the central
X-z plane as a function of time. Each cell contains the sameores of 27.3, 13.9, and 0.5 fm/respectively(Be careful to
amount of charge. The left panel shows the Bjorken-likenote the false zeroes in three of the four pandlse depen-
model and the right panel shows the Landau-like modeldence onc, is very weak considering the wide range of
Both models havé;=1 fm/c; that is, the acceleration time resultingt;. This may be understood as a relativistic effect.
is independent of , . There are several noteworthy features:Because of the relatiom =tanhy, most of the outgoing
The Bjorken-like model always has a gap in the beam direceharges still move with a speed nearly equal to that of light.
tion because it takes a finite time for the charges to deceleifherefore the phase in Eq€l2) and (13) is approximately
ate. The charges that finally come to rest in this frame of wt(1— cos#), and for it to become comparable to 1 requires
reference require 1 fro/to decelerate fromv=*vy to v an o much bigger than naively expected. The separation of
=0 and by then they have traveled 0.5 fm. In contrast, theéhe curves increases with following this phase factor. The
charges in the Landau-like model stop instantaneously angdrimary falloff of the intensity with increasing photon energy
then accelerate to their final velocities. Therefore there is nis caused by the transverse form factor described by(Bqg.
gap in the beam direction. Note that the shaded regions inFhe falloff increases with angle because the argument of the
dicate where the net charge is nonzero. The gap in the centridrm factor isq= wRsin 6.
region in the Bjorken-like model does not signify empty  The intensity distribution in the Landau-like model is
space but rather a region where there is zero net charge; plotted in Fig. 7 for the same set of angles. Four illustrative
may be occupied by quark-gluon plasma or hadronic mattevalues oft; have been chosen: 1, 2, 10, and 20dmih this
or strings or something else. model there is a striking dependenceten The oscillatory

In Fig. 5 we show the space-time evolution fog  behavior for large; is due to the interference between the
=0.5 fm/c andcy=1 in the Bjorken-like model and fat initial instantaneous stopping with the subsequent accelera-
=10 fm/c andcy=< in the Landau-like model. We chose tion to the final velocities. At 10° and witty=20 fm/c, for

C. Comparison of models
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example, the enhancement due to constructive interference is 42 724 (vé_vfz)z

an order of magnitude ab=60 MeV as compared to the ———=—-sirfdcosd > > ,

soft photon limit. dodQ 52 (1-vgcos)*(1—vfcosh)?
The oscillatory behavior which arises in the Landau-like (18)

model but not in the Bjorken-like model is easy to under-

stand in a simplified version of these models. Let us shrinkvhich has no frequency dependence. In the Landau-like ver-
each nucleus to a point charge. In the Bjorken-like versionsion assume that the charges stop instantaneously, remain at
assume that the charges decelerate from, to = v instan-  rest for a timer, and then instantly accelerate to final veloci-

taneously. The intensity distribution is ties =v;. This intensity distribution is
d?l Z%a [vi—v?coswr—v3v2(1— coswT) cOZH]? visirfwT
= —Zsinza cogh| — > 5 0 zf 5 5 o 5 S( - (19
dodQ) 5 (1-v3cog0)%(1—v? codh) (1-v?cog6)

The period of oscillation is just the time delay between stop-outgoing currents, which are identical. Bremsstrahlung pho-
ping and sudden acceleration. This is essentially what hagens of higher energy can distinguish these extreme models.
pens in the Landau-like model, modified by the smearingfFor the Landau-like model photons of energy 100 MeV or so
which follows from a continuous acceleration rather than aare quite sufficient to infer the time scale for expansion.
time delayed one, and by the relativistic effect in the phas&remsstrahlung photons with energy up to 200 MeV may be

factor as mentioned before. able to infer the deceleration time in Bjorken-like models but
one needs to look at angles much greater than where the peak
IV. CONCLUSION of the spectrum occurs, which is 1°. Whether it is really

) ) ) possible to design a detector that can separate other sources
In this paper we have studied two very different and ex-of photons of this energy is an open question, but at least we

treme models of the space-time evolution of the charges iRaye shown that the physics to be learned is interesting, per-
central nucleus-nucleus collisions at a RHIC energy of 10G,5p5 justifying an experimental effdit0].

GeV per nucleon in the center-of-mass frame. The models
were constructed to yield the same final rapidity distribution
of the net outgoing electric charge. This means that measure-
ment of hadron spectra alone cannot discern them. Very low We greatly appreciate conversations with J. Sandweiss.
energy bremsstrahlung cannot discern them either becauseTihis work was supported by the U.S. Department of Energy
depends only on the difference between the incoming andnder Grant No. DE-FG02-87ER40328.
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