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REPORT ON THE 1984 LBL WORKSHOP ON DETECTORS FOR 
RELATIVISTIC NUCLEAR COLLISIONS* 

L.S. SCHROEDER 
Nuclear Science Division 
Lawrence Berkeley Laboratory 
University of California 
Berkeley, California 94720 

In this talk I will be reviewing the highlights of the 
recent Workshop on Detectors for Relativistic Nuclear 
Collisions, held March 26-30, 1984, at the Lawrence 
Berkeley Laboratory. For a more complete reP9rt I 
refer you to the Proceedings of the Workshop. The 
Workshop was also summarized at the2Quark Matter '84 
meeting in Helsinki this last June. For additional 
information on detector requirements for high energy 
nuclear collisions, consult the talks of T. Ludlam, 
H. Specht, and A. Sandoval given at this Conference. 

In the time available, I want to not only give you a 
feeling for the detector concepts discussed and in many 
cases developed at the Workshop, but also I hope to 
leave you with an overall impression of the tremendous 
strides that have been made in coming to grips with the 
very complex collisions that we will encounter at 
higher energies. 

*This work was supported by the Director, Office of 
Research, Division of Nuclear Physics of the Office 
Energy and Nuclear Physics of the U.S. Department of 
under Contract No. DE-AC03-76SF00098. 
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L.S. SCHROEDER 

1. INTRODUCTION 

There were several reasons for having a dedicated Detector 

Workshop at this time, including: (i) at Brookhaven a 

transfer line between the Tandem Van de Graaff and the AGS 

will provide light ions (A ~ 32) at energies up to 15 

GeV/nucleon beginning in late 1986; (ii) at the same time, 

an upgrade of the CERN PS injector by a GSI/LBL collabora­

tion will provide 160 ions in the SPS at energies from 15-

225 GeV/nucleon beginning in late 1986; (iii) in late 1983, 

the Nuclear Science Advisory Committee of the Department of 

Energy and the National Science Foundation recommended3 that 

the next major nuclear physics facility in the U.S. should 

be a relativistic nuclear collider to explore the domain of 

high energy and baryon densities and hopefully shed light on 

deconfined hadronic matter--the quark-gluon plasma (QGP); 

and finally (iv) several national laboratories (BNL, LBL, 

ORNL) in the U.S. have active programs to look at collider 
4-6 options. 

Since the new fixed target capabilities will be coming 

on-line within two years, we felt it was both timely and 

necessary to start looking at the detector requirements 

imposed by these much higher energies. For the more distant 

colliders, an early start on detectors is also called for. 

Earlier meetings had considered detector requirements,7-9 

but we wanted to go beyond these and in particular hoped to 

identify any detector elements thought to be on the critical 

path for investigating the QGP that require an R&D effort. 

To provide a focus for the Workshop it was decided to 

concentrate on the detection of the QGP. However, be aware 

that the conclusions arrived at for detectors are really in 

the context of high energy and baryon density achievable in 

central high energy nucleus-nucleus collisions and apply to 
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a potentially broader and richer range of phenomena than 

just the QGP. The individual working groups were roughly 

set up along lines of observables of the QGP. 10 ,ll Figure 

is a representation of the evolution of a central nucleus­

nucleus collision in the temperature (T) and relative baryon 

density (pip) plane. Two trajectories, one emphasizing the o 
baryon-rich plasma, the other the meson-rich (so-called 

"transparency") regime, are shown. In order for a detection 

scheme to be sensitive to the presence of the quark-gluon 

phase, measurements of direct radiation from the plasma 

itself (region 1) or from the rehadronized phase (region 2) 

300~------r-------r-----~~----~------~ 

"Transparency" Trajectory 

Cluark·Gluon Plasma 

> I 200 t--+---L -
0) .. 
! 
! 
E 
~ 100 

o 

Region 1: 

Region 2: 

2 4 6 8 

Baryon density, Pal Po 

Experimental Signatures 

Direct radiation from plasma (photons, leptons, 
lepton pairs) 
Recondensed hadronic matter (11", K, p, p, ... ) 
Possible free quarks, diquarks 

10 

FIGURE 1 Phase diagram with nuclear collision trajec-
tories. 

3 



L.S. SCHROEDER 

will be required. Figure 2 graphically illustrates some of 

the diagnostic tools that have been suggested for uncovering 

the QGP. Since the plasma is not thought to be stable, 

radiation from both regions could be present in each event. 

A device measuring hadrons in the final state would detect 

hadrons arising from ordinary hadronization processes found, 

for example, in nucleon-nucleon collisions and hadrons pro­

duced by quark and gluon recombination processes in the 

plasma phase. The~retical guidance will certainly be 

required to differentiate between these sources. 

At the Workshop we identified three areas of detector 

measurements which were used as the focus for individual 

groups. These were: (i) hadrons--generally concerning 

detection of strange particles and antibaryons, i.e., few 

particle measurements, often with reduced solid angle, (ii) 

event parameters--experiments with nearly 4n acceptance, 

measuring many of the particles in the final state, and 

(iii) penetrating probes--measurements of photons, leptons, 

lepton pairs, etc., which are thought to be suitable in 

probing the hot, compressed stage of the collision. In each 

category there was a working group for fixed target and col­

lider geometries. Each group had conveners who organized 

and guided the efforts of the group.12 The conveners are 

the ones who made the Workshop a success. 

2. WHAT LIES AHEAD AT HIGHER ENERGIES? 

As we increase the bombarding energy the most immediate 

consequence in a central nucleus-nucleus collision is that 

the multiplicity of final state particles will increase 

dramatically. At the Bevalac the GSI/LBL Plastic Ball 

experiment (see talk by H.-A. Gustafsson in this Proceed-

4 
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FIGURE 2 Some possible diagnostic tools for looking at 
the quark-gluon plasma. 
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ings) observes -100-200 charged particles being produced in 

central Au + Au collision at 1.05 GeV/nucleon. In this 

region, the final states are dominated by nucleons and light 

fragments with pions making up -10-20%. At 10 GeV/nucleon, 

corresponding to energies available at the AGS, we antici­

pate several hundred pions will be created, comparable to 

the number of nucleons. At much higher energies, such as 

the Si + Ag JACEE event13 at -4-5 TeV/nucleon (laboratory 

energy), we expect to see a thousand or more mesons (n,K) 

being created. These estimates are in line with results 

from recent event simulations based on extrapolations of pp 

and pA data. Many detector-related questions naturally 

arise when considering the high multiplicity final states 

resulting from central collisions, including: (i) to what 

extent will tracking of individual particles still be possi­

ble? (ii) will calorimetry replace tracking in high multi­

plicity environment? (iii) what are the appropriate central 

collision triggers? (iv) how to record and process all the 

information?, and (v) are there existing detector designs 

(e.g., UA1/UA2) that can do the job? 

3. DETECTORS IN FIXED TARGET AND COLLIDER GEOMETRIES 

A brief comment about some of the differences to be expected 

for experiments done in fixed target versus collider modes. 

As one increases the incident energy, the center of mass for 

fixed target experiments moves rapidly forward. This means 

that the large multiplicity of particles produced in these 

collisions will be tightly focused in the forward direction, 

putting severe demands on the granularity of detector ele­

ments if one wishes to preserve individual particle 

identification (ID) capability. At the same time the 

6 
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momenta of the outgoing particles will span a large dynamic 

range. again testing one's ability to provide particle ID 

over as large a range as possible. However. the large 

momentum boost experienced by unstable particles (e.g., 

AO, AO) will make them more accessible to detection by 

increasing their apparent lifetime. In collider geometry, 

particle emission is over 4~, somewhat easing the demands on 

detector granularity. The energy range of particles being 

produced will generally be in the few hundred MeV to few GeV 

range at mid-rapidity (generally thought to be the region of 

most interest for the QGP). Here particle identification 

techniques are generally well understood. The most forward 

(Scm ~ 0-15°) and backward (Scm ~ 165-180°) sections of col­
lider detectors correspond to large values of rapidity and 

will look quite similar to detectors at forward angles for 

fixed target work. 

Now I want to review results from the individual work­

ing groups. Again, I can only cover some of the highlights 

and refer you to the Workshop proceedings1 for a more com­

plete picture. 

4. HADRONS-FIXED TARGET 

This group considered fixed target experiments measuring 

single-particle or few-particle observables. Generally such 

experiments would be done with reduced solid angle coverage. 

Experiments considered were: (i) measurement of strange 

particles and antibaryons for flavor tasting of the QGP, 

(ii) Hanbury-Brown/Twiss (HBT) like-particle interferometry 

to obtain information on the space-time evolution of the 

particle source, and (iii) production of heavy flavors such 

as ~(1020) = ~(ss), ~(3100) = ~(cc), to be used as probes of 

7 
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the quark content of the QGP. A description of two of the 

detectors considered follows below. Other detectors such as 

streamer chambers (see talk by A. Sandoval in this Proceed­

ings), solid state track detectors, and emulsion chambers, 

although discussed in the Workshop Proceedings, will not be 

covered here. 

Considerable attention was paid to the question of how 

to trigger on central collisions. One possibility is the 

so-called "spectator veto" where one vetos events that pro­

duce near beam-rapidity particles in the projectile fragmen­

tation region. Specifically, the spectator nucleons associ­

ated with the projectile will be emitted into a narrow cone 

of ~e < 1° about the beam axis at 15 GeV/nucleon, and 

~e < 0.1° at 225 GeV/nucleon. 

Figure 3 s~ows a relatively large solid angle spectrom­

eter being designed by Gruhn et al. 14 for detecting strange 

baryons and antibaryons. Particular attention is given to Q 

production since being an (sss) system it could be a very 

sensitive probe of the plasma phase of the collision. The 

main elements of the detector are a superconducting magnet 

(3-7 T) to sweep away low momentum particles from the for­

ward cone, a multiplicity array for centrality tagging, and 

a downstream projectile calorimeter in which low energy 

deposition would be used to signal a central event. The 

heart of the apparatus is a micro-TPC (~TPC) that will be 

used to recognize and identify both the initial and final 

strange particle decays (e.g., 3- ~ AOn- followed by 

AO ~ pn). Three planes of drift chambers would be used in 

front of the ~TPC to increase momentum resolution. 

Small solid angle devices also received attention. 

They offer several advantages, including: (i) excellent 

particle identification; (ii) good momentum resolution, 

8 
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FIGURE 3 Proposed layout of an experiment to stud¥6 
strange baryon and antibaryon production with 0 
beams at the CERN SPS. 

em 

~p/p < 1%; and (iii) are capable of taking high beam inten­

sity. Figure 4 shows an example of a small solid angle (~Q ~ 

10 msr) spectrometer being considered for studying charged 

particle spectra (1T±, K±, p, 15, AO decays) in the central 

rapidity region (5° ~ SLab ~ 20° for 32S + Au collisions at 

15 GeV/nucleon). For 107 particles on target per sec up to 

10 particles per event could be tracked and identified in 

the spectrometer. The main elements of the detector are the 

track segment projection chamber (TSPC), a large aperture 

vertical deflection magnet, and several arrays of threshold 

Cherenkov and aerogel counters. A lucite multisegmented 

Cherenkov multiplicity filter would be used to tag central 

events. The device would be employed to measure inclusive 

spectra of strange and nonstrange particles. Comparison of 

these spectra at several beam energies would provide infor­

mation on the "nuclear temperature" of the participant zone, 

9 
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FIGURE 4 Single arm spectrometer being considered for 
possible use at the AGS (15 GeV/nucleon) with light 
ion beam (A ~ 32). 

and the strange particle yields have of course been sug-

h 
10,11,15 gested as a probe of the plasma p ase. 

5. EVENT PARAMETERS--FIXED TARGET 

The group concentrated on detectors for fixed target work 

having nearly 4TI solid angle (i.e., complete azimuthal cov­

erage). Four types were discussed, of which I shall present 

only the results for the so-called "idealized" detector. 

Two others, a nonmagnetic spectrometer and a streamer 

chamber, are very close to the systems being described by A. 

sandoval elsewhere in this proceedings. 

The detectors were designed for both 15 GeV/nucleon 32S 

at the AGS and 225 GeV/nucleon 160 beams at the SPS. The 

range of physics they wished to cover included: (i) meas­

urement of negative particle (mostly TI ) and total multi­

plicity, (ii) pseudo-rapidity (dn/dn) and rapidity (dn/dy) 
+ distributions for charged particles, (iii) total TI- and TI o 

10 
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energy. (iv) ET and PT' (v) shape measurements (e.g., 

equilibration flow, jets), and (vi) particle correlations 

( e. g., HBT). 

The idealized dipole detector conceived by this group 

is shown in Figure 5. It consists of a target surrounded by 

a cube of CCD detecting planes which act as vertex detector 

and multiplicity counter inside the uniform magnetic field 

region. Three-dimensional tracking chambers are spread 

throughout the volume of the magnet, with electromagnetic 

and hadronic calorimeters (located inside return yoke of 

dipole coils) and time-of-flight counters providing angular 

coverage (down to 0Lab ~ 20°). Downstream of the magnet 

would be additional tracking chambers, possible RICH (Ring 

Image Cherenkov) detectors for particle identification and 

more time-of-flight and calorimetry. 

As suggested earlier, the number of particles will be 

large. For example, the results of a HIJET calculation16 

for 160 + Au at 15 GeV/nucleon for impact parameters b < 

Target 
CCO 

SI 

3D Tracking 
igh Segmentation 

dE/dx 

Beam veto ll==.ijiijiiji.iijiiiji.~1 

-l 1m I-

RICH? 

FIGURE 5 Idealized detector. 
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4 fm suggest several hundred particles. To see what this 

means for a detector like the idealized system of Figure 5, 

the group simulated what a typical central event at 15 

GeV/nucleon would look like. Figure 6(a) shows such an 

event in the nonbend plane where pattern reconstruction is 

easier (tracks are straight lines). Figure 6(b) shows the 

same event in the bend plane (for a 0.5 T field). Clearly 

at 225 GeV/nucleon, due to the larger number of particles 

(b) 

16 FIGURE 6 (a) 15 GeV/nucleon a + Au central colli-
sions tracked in the nonbend plane of the idealized 
detector. (b) Same event in the bend plane with a 
field of 0.5 T. 

12 
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and their stronger forward focus, it will be even harder. 

The group suggests that a system like the European Hybrid 

Spectrometer which uses a series of dispersing dipoles 

spaced along the beam line would possibly be a better solu­

tion. They further concluded that heavy beam (Au + Au) 

fixed target experiments look very difficult at 15 

GeV/nucleon and only calorimetry at 225 GeV/nucleon look 

feasible, even for 160 • 

6. PENETRATING PROBES--FIXED TARGET 

Efforts were directed at systems designed to detect directly 

produced electromagnetic probes (photons, leptons, lepton 

pairs) in light ion collisions over the energy range of 15-

225 GeV/nucleon. Since these probes do not interact 

strongly with matter, they should carry information on the 

hot, compressed stage of the collision. 

Although several different detectors were identified by 

the group, I will only mention plans to measure high mass 

muon pairs using a combination (NA34) of a spectrometer 

being designed for proton-nucleus experiments and the 

existing NA3 spectromet~r to be used as the downstream muon 

spectrometer. Its elements are shown in Figure 7. strong 

filtering (~10 interaction lengths) after the target is used 

to remove hadrons and limit decays of ~'s and K's into 

muons. In this way they hope to get around problems arising 

from high multiplicities, lepton identification, and com­

binatorics. Multiple scattering in the filter will of 

course impose limits on the mass resolution and PT of the 

dimuon pair. The front-end of the detector consists of a 

vertex detector and hadron calorimeter. In addition, they 

will also incorporate electron identification in the front-

13 
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FIGURE 7 NA34 detector being proposed for light ion 
experiments at CERN. 

end so that the low mass spectrum (m < 1000 MeV) can be ee 
studied. However, at the time of the Workshop, studies 

indicated that due to the large multiplicities expected 

(they quote -300 charged particles within a 5° cone for 160 

+ 195pt at 225 GeV/nucleon), individual electron tracking 

and identification may not be possible. Furthermore, the 

150 TIo,S expected/central event will yield between 1 and 2 

e-pairs via Dalitz decay alone--complicating the process. A 

possible future development is the addition of a pair spec­

trometer (placed in an opening in the calorimeter section) 

to measure soft photons and electrons. Figure 8 shows, as 

an example, previous results on "low mass" dimuon pairs 

taken by the NA3 component of the system. These data 

represent dimuon pairs with PT > 2 GeV/c, a requirement that 

significantly increases the laboratory energy of the muons, 

thereby reducing the effects of multiple scattering. Please 

refer to the talk by H. Specht in this Proceedings for more 

complete information on the NA34 system. 

7. PENETRATING PROBES--COLLIDER 

This working group employed the same criteria for the phy­

sics and kinematic regimes of interest as described in Sec-

14 
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tion 6, the difference being that they were concerned with 

experiments done in the colliding beam mode, where the 

particles of interest spread out over 4n. Figure 9 displays 

a picture of the geometry and kinematics in the collider 

frame of reference (positions of detector elements are 

shown). Note that the average momenta associated with dif­

ferent rapidity values are not large «1-2 GeV/c) for values 

of y near mid-rapidity. Also note that the extended source 

present in the collider will require some close-in tracking 

capability in order to differentiate between multiple event 

vertices. 

The group did not undertake the design of a specific 

apparatus; however, they did conclude that a device as shown 

in Figure 10 (asymmetric version of a detector discussed at 

the Bielefeld7 meeting) had many of the features required to 

BEAM .. 

<P> "".5 
y-o Y - 1 

Y-2 

_______ ~J~~~~~~~::::~~:-:-=-:-~~~Y-3 ..: <P> "" 15 , r--:-____ ~----~------
BEAM CROSSING I D ----- FORWARD -----------1 CALO","ETEA 

----.. 
1m 

BEAM 
• 

FIGURE 9 Schematic layout of the forward half of a 
collider detector showing the angular correspon­
dence with pseudo-rapidity (y = -In (tan 0/2)); 
this corresponds to the rapidity of particles whose 
m «PT. The approximate average momentum, <p>, is 
given for each rapidity interval. 
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make it a useful dimuon detector. That is, it should be 

compact (to filter out hadrons) and be able to detect muons 

with p > 5 GeV/c (momentum needed for effective hadron 
J.l 

filtering). Also if one is interested in studying the small 

pair mass and transverse momentum characteristics of the 

plasma, one is restricted to Iy\ > 2, where the geometry and 

kinematics are similar to fixed target experiments, con­

sistent with the design in Figure 10. The practical limit 

for pair mass muons in the central region in a collider 

would be M > 3 GeV--well above the mass region expected to 
J.lJ.l 

be strongly populated by a thermalized quark-gluon plasma. 

Using low mass electron pairs for probing the plasma 

will be difficult due to the high multiplicity expected. It 

was suggested that any electron detector should exploit the 

reduced numbers of particles expected at mid-rapidity. Dif-

, 
0 

Central hadron 
calorimeter 

Vertex Central 
detector tracking 

detector 
I I I 

2 3 4 

Forward 
calorimeter 

Two-layered transition 
radiation detector 

I I 

5 6m 

FIGURE 10 A 4TI detector for high energy colliding beam 
operations derived from a workshop study (Ref. 7) 
for a fixed target device at the CERN SPS. To make 
this detector, two of the SPS fixed target designs 
were placed back-to-back. 
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ficulties arise due to tracking in this environment, and an 

electron/hadron rejection of ~105 is needed to be able to 

identify direct electrons. A specialized detector with 

relatively small aperture at 0 = 90° appears to be the c.m. 
best choice. The group noted that electron identification 

techniques are not easily incorporated in a large acceptance 

system, such as the one shown in Figure 10. 

High PT photons (PT ~ 8 GeV/c) are rare processes in 

hadron-hadron collisions and require high luminosities to be 

seen. However, they may be enhanced in central nucleus­

nucleus collisions and should be looked for (luminosity will 

be a dominant issue). Shower counters, capable of resolving 

individual photons, will be required--all in a high multi­

plicity environment. The group concluded that much work 

remains in this area before experiments are undertaken. 

One final physics point is worth noting. They dis­

cussed the possibility that jet-production17 may be an 

interesting new signature for the plasma. Collider energies 

in excess of 50-75 GeV/nucleon will be required before such 

studies can even be started. 

8. HADRONS AND EVENT PARAMETERS--COLLIDER 

This group considered detectors that address a broad range 

of needs for both hadron and event parameter experiments. 

For hadron studies they considered detection of baryons, 

mesons, and their antiparticles with the idea of obtaining 

information on: (i) strange/nonstrange and baryon/ 

antibaryon production ratios; (ii) relative yields of parti­

cles with lsi = 0, 1, 2, 3; (iii) nn, KK, pp intensity 

interferometry; and (iv) studies of multipion and multikaon 

systems. 

18 
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Event parameter measurements include: (i) multiplicity 

and energy and momentum flow as functions of rapidity and 

azimuthal emission angle, (ii) correlations between dn/dy 

and <PT>' and (iii) fluctuations in these observables. 

Also considered were the similarities and differences 

for collider detectors operating between 2 + 2 GeV/nucleon 

and 100 + 100 GeV/nucleon. One immediate comment is that if 

the plasma is characterized by a temperature, say T = 200 

MeV, the average energies of particles emitted from such a 

thermal source will be relatively low (e.g., ~'s ~ 500 MeV, 

K's ~ 400 MeV). This means that the detector (particularly 

at mid-rapidity) will generally be sampling soft hadrons. 

This puts an added burden on calorimetry for these parti­

cles. In addition, the relatively low energy reduces the 

survival probability for those particles which are unstable 

(e.g., -88% of the pions produced from a 200 MeV plasma will 

survive a 3 meter flight path and -52% of the kaons). 

The group's general aim was to define a relatively sim­

ple collider detector, one employing tracking over a limited 

solid angle while providing calorimetry over the remaining 

nearly 4~. In this scheme, the target/projectile fragmenta­

tion regions were not considered, since at collider energies 

most of the fragmentation products remain inside the beam 

pipe. Figure 11 shows the layout of a collider detector. 

It consists of the following elements: (i) a multiplicity 

barrel surrounding the interaction region capable of measur­

ing dn/dn with good accuracy, (ii) electromagnetic and 

hadronic calorimetry over at least the central two units of 

rapidity (40° ~ 0 ~ 140°), and (iii) an open region into c.m. 
which one could place either a visual detector like a 

streamer chamber or a charged particle spectrometer with the 

ability to track up to 20 particles. The general philosophy 
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(Streamer Chamber) 
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FIGURE 11 Possible collider detector. 

was to use the calorimetry section for triggering (high PT 

or ET) and the streamer chamber or spectrometer arm for 

measuring single and few particle correlations. The capa­

bilities of a streamer chamber are well known for relatively 

high multiplicity events and for observing decays of 

unstable particles like AO -? pn. The magnetic spectrome­

ter arm would have to possess good tracking and particle 

identification capabilities. Note that the bending will be 

in the vertical plane, allowing equal acceptance for posi­

tive and negative particles. Such a device, concentrating 

on the physics of the central region, should have a large 

dynamic range of operation, i.e., work as well at a few 

GeV/nucleon as at tens of GeV/nucleon, since the plasma once 

achieved should be characterized by a single temperature 

(relatively independent of incident energy). 

The group performed a simple Monte Carlo study of the 

magnetic spectrometer arm's acceptance for HBT experiments. 
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They assumed: (i) 105 pairs needed to provide a sensitivity 

of 8 (radius) ~ 0.2 fm, 8 (lifetime) ~ 0.7 fm/c, ana 8 

(intercept-degree of coherence) = 0.1; (ii) luminosity~)of 

1024 cm-2sec- 1 for uranium-uranium collisions; and (iii) 

rate ~ o£(dn/dy)2. From the Monte Carlo they obtained 1.5 x 

104 like sign ~-pairs/day, so that about one week's run 

would provide detailed HBT information. 

9. CONCLUSIONS 

Several lessons were learned from the Workshop, including: 

1. Experiments are do-able, but: (i) in high flux 

environment one will probably have to give up tracking all 

particles and go to calorimetry, (ii) selective tracking 

will be required (e.g., to distinguish between multiple 

interaction vertices in collider experiments). 

2. R&D issues identified: (i) particle identification 

(thin TPC's, RICH, TRD (!ransition ~adiation ~etectors), 

(ii) low mass detectors needed to reduce conversions of y-
+ -rays (y -? e e ), secondary interactions, and production of 

a-rays (particularly by high-Z projectiles) that can produce 

a soft background in detectors and decrease spatial resolu­

tion of drift/wire chambers, and (iv) use and development of 

high technology items (e.g., Li-strip detectors). 

3. Need for input from high energy physics: (i) both 

their interest and partiCipation, (ii) experience and exper­

tise with large detectors such as UAl allows us to obtain 

information on tracking algorithms, pattern recognition 

problems, and how to calibrate large-scale systems. 

4. More theoretical work needed on question of signa­

tures of the quark-gluon plasma (QGP)--theorist's R&D. 
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