OG 1.2.30

An ULDB M ission to Study High Energy Cosmic Rays

E.S. Seo 1 , S. Beach 2 , J.J. Beatty 2 , S. Coutu 2 , M. A. DuVernois 2 , O. Ganel 1 , L. Lutz 1 ,

S. Swordy 3 , and J.Z. Wang 1

1 Inst. for Phys. Sci. Tech. University of Maryland, College Park, MD 20742, USA

2 Dept. of Physics, Penn State, UniversityPark, PA 16802, USA

3 Enrico Fermi Institute and Dept. of Physics, University of Chicago, Chicago, IL 60637, USA

Abstract

Scientific ballooning t echnology will soon allow flights of about 100 days at altitudes in excess of 110,000 feet. Utilizing theseUltra Long Duration Balloon (ULDB) flights, theCosmic Ray Energet ics And Mass

(CREAM) project will measuretheener gy spectra and elemental abunda nces of H to Feover theenergy range1 to 1000 TeV. Thegoal is to observespectral features and/ or abundancecha nges that might be relat ed to a supernova acceleration limit. TheCREAM instrument will consist of a sampling tungst en calorimet er preceded by a carbon target with scintillator layers for trigger and track-reconstruction purposes, a transition radiation det ect or (TRD) for hea vy nuclei, and a segment ed scint illator-based charge det ector. In this paper, wefocus on an over view of theproject, whilean accompanying paper at this confer ence(Beatty et al., 1999) will discuss somet echnical aspects. A key featureof t his instrument is the measur ement of theener gy of a subset of nuclei by complementary techniques, which can beused to int ercalibratetheenergy scales of theTRD and calorimet er.

1 The CREAM M ission:

Cosmic-ray elemental composit ion has been measured by space-based experiments that det er minethe incident particlechargeas well as its ener gy. However, thecomposit ion above1 TeV is not ver y well known dueto limit ed exposur es for such experiments. Indir ect measurements fromground-based experiments ha vetraced theall-particlespectrumfromabout 10 14 eV to > 10 20 eV. Thesemeasurements haveshown that theenergy spectrumabove10 16 eV is somewhat steeper than thespectrumbelow 10 14 eV.

An expla nation for this changein spectral shape, thespectral ^knee,~ is oneof thema jor current goals in cosmic-ray astrophysics. Acceleration of cosmic rays in supernova eremna nts is expect ed to belimit ed at ener gies near Z x 10 14 eV, wher eZ is theparticlecharge ( Laga ge& Cesarsky, 1983). This implies t hat the composit ion would begin to changebeyond ener gies of about 10 14 eV. A search for changes of the elemental composition in thedecadeabove10 14 eV could r eveal this supernova acceleration limit.

As shown in Fig. 1, CREAM consists of a particlechargedet ect or at thetop, followed by a TRD, a target for nuclear int eractions, and a calorimet er to measure theint eraction products, thereby giving particleener gy est imat es. A large exposure can beaccumulated in a series of ULDB flights of ident ical instruments. The differ ent flights could becarried out at essent ially any latitude, including the polar regions, in eit her theNorther n or Southern hemispher e. Theoverall CREAM objective is to accumulat eat least 500 particles each for protons, helium, CNO, Ne-Si, and Fe

Figure 1: CREAM Baseline Configuration.

Calorimeter r

Charge Detector

Target 1

Target 2

TRD1

TRD2

TRD3 group nuclei above10 14 eV, wit h a statistical accuracy of 30% above10 15 eV. This requir es an exposureof about 300 m 2 -sr-days for protons and heliumnuclei and about 600 m 2 -sr-days for heavy nuclei (Wa ddingt on et al., 1992).

Theinstrument is being opt imized for a low-cost, int egrated balloon craft capableof providing the requir ed ener gy and chargeresolution. We expect to begin development of theinstrument in late1999, in order to ber eady for a single-day flight in May 2002, followed by a ULDB flight.

2 CREAM M easureme nt Techniques:

CREAM is funda mentally differ ent fromot her high ener gy composit ion exper iments in that it employs both TRD and calorimet er devices in thesa mepayload. Whilebot h of thesetypes of det ect or havebeen flown beforefor high energy composit ion measur ements, thecombination of instruments providea powerful met hod to overcomet heindividual shortcomings of each technique. A subset of nuclei will providea responsein bot h det ectors that can beused to calibratethecalorimet er ener gy scaleagainst the

TRD. Also thecalorimet er can det ect protons and Hewhich theTRD can not reliably det er minet heenergy.

Additionally, thecharge-det er mining det ect ors must beprot ect ed fromt he effects of backsplash particles produced in thecalorimet er shower. For CREAM this is accomplished partially by det ect or segmentation but largely by a timeof flight techniquewhich can reject albedo particles fromt hecalorimet er. This approach is discussed in an accompanying paper ( Beatty et al., 1999).

CREAM will providea substantial overlap in ener gy with ground-based composit ion experiments, which havet hresholds near 10 14 eV (Amenomor i et al., 1996). This provides an important cross-calibration wit h thegr ound-based data. Ground-based det ectors observe t he ext ensiveshowers of secondary particles init iated when a primary cosmic ray int eracts with a nucleus of theupper atmospher e.

Theint erpretation of air shower measurements depends on assumpt ions regarding thenatureof t he particles that init iatetheshowers. Showers fromhea vier nuclei typically start higher in t heatmospher eand develop mor erapidly than showers fromlight er nuclei. Estimat es of theprimary composition depend on paramet ers such as thedept h of t heshower maximumin theat mospher eand several ot her shower paramet ers, e.g., muon cont ent. Ener gy est imat es areaffect ed by theassumed composition of t heprimary particles. Direct measurements fromCREAM will allow pr ediction of cascademodels of air shower paramet ers to bedir ectly compared with a known primary composition. This will provideconfidencefor ext ending direct composit ion measurements to higher ener gies.

3 Instr ume nt Configuration:

Ther eis no practical alternativeto a calorimet er for measuring prot ons and heliumener gies up to 10 15 eV. To illustratethecalorimet er configuration and thet ypeof data it will collect, weshow in Fig. 2 the shower associated wit h a single, simulated 10 12 eV proton event. To optimizetheuseof availableweight, a hadronic calorimet er can bema deby adding a light target material, such as carbon, upstream of an electroma gnet ic calorimet er ( Ganel,

Seo, & Wang, 1999). A largedyna mic range is needed t o allow measurement of ener gies over a widerange. Finegranularity will allow improved tracking infor mation.

The geometry factor of thecalorimet er must bemaximized to collect statistics.

Given thefixed mass limit of ULDB payloads, currently 1000 kg, this requir ement can berealized wit h densemat erials (e.g., W

Figure 2: Simulat ed 1 TeV proton shower in the

CREAM calorimet er.

or U) wher ethephysical depth of thecalorimet er can besubstantially less than 10 cmfor an acceptable dept h of at least 20 radiation lengt hs (X 0 ). Either C or Beis needed to maximizethenumber of int eractions in thetarget. Carbon is used as a target material sinceit is readily available, easy to machineand handle

( Ganel, Seo, & Wang, 1999). CREAM is baselined with a 0.5 l int

carbon target and a 20 X 0 deep W/Sci calorimet er. Taking int o account theactual pathlengt h through theinstrument, theeffectivegeometry factor for thecalorimet er is 0.35 m 2 -sr for protons ent ering the t op of thetarget and ha ving at least 20 X 0 for shower development in thecalorimet er. Thepayload would haveto fly about 860 days to achieve300 m 2 - sr-days effect ive exposurefor protons. About 3 ULDB flights would provide100 m 2 -sr-da ys to reach about

500 TeV. For a mass limit of 1500 kg, theeffectivegeometry factor would incr easeto 0.57 m 2 -sr and the corresponding required flight timet o reach 1000 TeV would bereduced to 530 days.

The effect ive exposur eof t hecalorimet er for heavier nuclei is gr eater than for protons dueto their shorter int eraction mean fr eepath in t hecarbon target, which scales as about A 2/3 , wher eA is theatomic mass of theprojectilenucleus. Using this scaling law, the exposur efor hea vier projectiles can be estimat ed fromtheprot on int eraction lengt h. Theeffectivegeometry factor for heavy nuclei is 0.57 to 0.7 m 2 -sr, and exposurefactors for thesenuclei corresponding to the860 and 530 day flights requir ed to reach our goal for protons areabout 500 ˘ 600 m 2 -sr-days. The effectivegeometry factor for events traversing t hefull instrument fromt hechargedet ector through theTRD to thecalorimet er and not int eracting in theTRD but int eracting in thetarget is about 70%of thecalorimet er-only geometry factor discussed above. Events meet ing this crit erion can beused for a cross calibration of theTRD and calorimet er. Theener gy resolution of thecalorimet er for vertically incident protons is about 45% as shown in Fig. 3, and it does not vary much with ener gy. Theactual resolution is better than thenumber quot ed her ebecausetheaveragepathlengt h of isotropically incident particles in theinstrument is longer. Not ethat theheavy ion ener gy r esolution is much better than that for protons ( Seo et al. 1996).

TheTRD has 6 radiator-det ect or pairs that cover the full geometry of thetarget plus calorimet er. Theradiators consist of 12 cmthick inhomogeneous, light-weight mat erial (e. g., synthet ic fibers). Each det ect or is a double layer of 2 cmdia met er cylindrical single-wir e, xenon-filled proportiona l tubes wit h thin (~ 75 micr on) walls of aluminized Mylar, which function wit h zero ext ernal pressure. Similar tubes arebeing used in t heTRACER

(Transition Radiation Array for Cosmic Ener get ic

Radiation) payload being developed for LDB flights

(Muller et al., 1996). Thesignals produced by nuclei traversing thedet ector tubes can beused to det er minebot h theLor entz factor ( g = E/mc 2 ) and thetraject ory of the particlethr ough t heinstrument. TheTRD will beused to measur eZ ³ 3 nuclei with an energy resolution of 15% for carbon and 7% for iron at g = 3000. Importantly, the ener gy responseof theTRD can becalibrated at a test bea m.

4 M easureme nt Capabilities:

TheCREAM measurements will beablet o verify whether theproton and heliumspectral differ ences that havebeen r eported (e.g., Ellison et al., 1994) fromcombining all the existing data sets areindeed r eal.

Sincet he existing data wer ecollect ed wit h several types of det ect ors, including several differ ent designs of emulsion cha mbers, someof thespr ead in thedata is undoubt edly dueto syst ematic errors and differ ences

Figure 3: Simulat ed ener gy deposit in the

W- Sci calorimet er for vertically incident 1

TeV prot ons.

in nor malization among experiments.

Nevert heless, taking thedata at face value, theproton and heliumspectra appear to bedifferent at high ener gies (>

100 GeV/n), whileheliumhas thesame spectral shapeas heavier nuclei. This unexpect ed finding has received considerableattent ion, becausesimple shock acceleration theory predicts the samepower-la w rigidit y spectra for all species. To illustratethe effectiveness of

CREAM to det ect a changein theprot on spectrum, Fig. 4 shows themaximum kink ener gy that can beclearly observed as a function of flight timefor both the

1000 kg and 1500 kg refer encepayloads.

Thecurves arefor a 2 s significa nce level for two int egral spectral indices, g 2

= 2.0 and 2.2, abovethekink, wher ethe index below thekink is g 1 is 1.7, i.e., for index changes of 0.3 and 0.5 at thekink

(Sina & Seo, 1998).

Theindividual chargeresolution and ener gy responseof CREAM also allows a sensitivemeasur ement of secondary nuclei produced in theint erstellar medium. At present thesemeasurements ext end to around 100

GeV/ n. It seems unlikely that theenergy dependent decr easein propagation pathlengt h will ext end to the

^knee~ region sincether esidual pathlengt h at theseener gies would beuncomfortably small. CREAM can search for a changein theener gy dependenceout to ~ 1 TeV/n, an order of magnitudeabovepresent data.

References

Amenomori , M., et al. 1996, ApJ, 461, 408.

Beatty, J. J., et al. 1999, Proc. 26th ICRC (Salt LakeCit y)

Ellison, D. C., et al. 1994, Publ. Astron. Soc. Pacific, 106, 780.

Ganel . O., Seo, E. S., & Wang, J. Z., 1999, Proc. 26th ICRC (Salt LakeCit y)

Lagage, P. O. & Cesarsky, C. J. 1983, A&A, 118, 223.

Muller, D. et al. 1996, SPIE Int. Symp. on Optical Sci., Eng., and Instr., Denver, CO, 2806, 76.

Seo, E. S., et al. 1996, SPIE Int. Symp. on Optical Sci., Eng., and Instr., Denver, CO, 2806, 134.

Sina, R. & Seo, E. S. 1998, Adv. SpaceRes., in press.

Waddingt on, J., et al. 1992, GOAL Report, NASA Headquarters, CodeSS, Washingt on DC.

Figure 4: Maximumkink ener gy that can beobserved by

CREAM as a function of flight timeassuming 100 days of exposureper flight.