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Cross sections for deuterium, tritium, and helium production in pp collisions ats=1.8 TeV
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We present the results of a search for the production of light elemerﬁg ioollisions at the Fermilab
Tevatron collider. Momentum, time of flight, ardE/dx measurements are used to distinguish nuclei from
elementary particles. A production ratio for deuterium to hydrogen is calculated and compared to the primor-
dial value of the big bang model. Some evidence for tritium is found and none for helium isotopes.

PACS numbs(s): 13.60.Hb, 13.60.Le, 13.60.Rj

I. INTRODUCTION briefly describe here those features which directly affect this
analysis.

The production of deuterons has been observed in many Mass determinations depended critically on the perfor-
elementary particle collisions. The early production of anti-mance of the time of flight system. Upstream and down-
deuterons in 30 Ge\p-Be collisions[1] made it clear that stream scintillators produced timing signéjsandty made
the mechanism was not a simple pickup of existing nucleons
or a spallation process. The deuteron momentum spectrum TOF2
was consistent with the product of the observed momenturr
spectra for the independent constituents. This feature is nov
incorporated in a successful coalescence md@¢l that
works well for describing the production of nuclei even in
heavy ion collisions. Deuteron production is not limited to
hadron collisions. Antideuterons have been observed in
e’e” interactions at center of mass energies as low as 1(

GeV [3], which suggests that the production mechanism
needs to be understood at the parton level.

The very appearance of nuclei in elementary particle col-
lisions seems to present a puzzle. Temperatures in multipar
ticle production are typically 150-200 MeV, whereas
nuclear binding energies are only about 8 MeV per nucleon E E D
for light nuclei. Nuclei could potentially originate from a
process other than the primary collision, such as the decay o
a massive elementary particle or the hadronization of a
quark.
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Il. EXPERIMENTAL SETUP

: : : : : FIG. 1. Plan view of E735 detector.TPi=antiproton trigger
This experiment was performed in the CO intersection of
P P hodoscope, ECH end cap hodoscope, EG@nd cap chambers,

the Fermilabpp collider. The floor plan of the spectrometer g~ ypstream barrel hodoscope, DBidownstream barrel ho-
is shown in Fig. 1. A general description of the various Com-goscope, PTH proton trigger hodoscope, CFentral tracking
ponents can be found in other publicatiopd. We will  chamber, VG=vertex chamber, PRMEpre magnet chamber, SM
=spectrometer magnet, PSM@ost magnet chamber, SFGtraw
tube chambers, TOFtime of flight #1 hodoscope, TORZime of
*Deceased. flight #2 hodoscope.
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by the earliest arriving particles from the interaction. The
difference in arrival time of these two signatg—ty, was

used to calculate @ coordinate for the interaction vertex 03
position by assuming that the earliest arriving particles close
to the beam line travel at the speed of light. The average of
the upstream and downstream times yielded an interactior
time that was independent of vertex posititgy (t,+tq)/2.

The interactiore coordinate obtained fror,—ty was re-
quired to agree with the coordinate of a vertex obtained
from the intersection of tracks found in three drift chamber
planes(VC in Fig. 1) pressed against the beam pipe. In turn,
a spectrometer trackvas required to have three hits in these %
drift planes and to originte from the interaction point deter-
mined by the timing and the intersection of the other tracks.
This greatly reduced the possibility that nuclei in the spec- 00, 05 1 1.5 2
trometer were the result of unrelated beam collisions with the P (Gev/e)
wall of the vacuum pIpe. ) FIG. 2. Data points are rms variations of mass measurements as

Two planes of scintillators, TOF1 and TOF2, in the spec-5 fynction of momentum. Curves are a global fit to the error for-
trometer arm gave timing signalg andt, as particles from  nyja given in the text.
the interaction passed through them. The velocity of particles

could be calculated using any of the time differentgs \yas chosen to provide an adequate number of photoelectrons
=t~ 1o, tz=t—to, andty,=t,—t;. To improve the accu- for the required time resolution. The large number of photo-
racy of the timing measurements, it was necessary to makgectrons also ensured good pulse height resolution.

an empirical time-walk correction based on the amplitude of Eq phototubes on the TOF1 hodoscope, both the anode
the timing pulse as recorded by an analog to digital convertepyise height and the dynode 9 pulse height were recorded.
(ADC). The time of flight(TOF) system is described in more This permitted off-line corrections for pulse height nonlin-
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detail elsewher¢5]. earity caused by the high gain operating conditions used for
the Amperex XP2020 phototube. The corrections were ap-
ll. MASS MEASUREMENTS plied on a pulse by pulse basis. Pulse height was not moni-

The momenta of charged particles in the spectrometer arr%*? red for dy”OdeT 9 on the TO.F2 c_ounters, S0 a less accurate
. . : average correction for non-linearity was made based on a
were determined by tracking them through the inhomog-

enous magnetic field with a fourth order Runge-Kutta inte—StUdy of the pulse height versus momentum data for slow

gration. The momentum measurement for each particle Wa@rotons. : . .
. . At the outset of the experiment it was anticipated that the
used withty, to make the most accurate mass calculation

M. Two other mass calculationst. and m-» were also ‘ADC information would be used only for time-walk correc-
2 1 12 tions, so that the range of the ADC was not set to cover a

m ing the remaining flight times with th me momen- . o .
ade using the remaining flig es € Same MOMENGide variation in particle energy loss. In a number of cases a
tum measurement.

By fitting the observed variation of mass resolution for2'5 times minimum ionizing track which hit scintillator near
By 9 . a light pipe would overflow the ADC range for the photube
pions, kaons, and protons as a function of momentum, w

. . )  Won that light pipe. Fortunately each end of a scintillator is
70 e e ) e by  Separte phoolbe. For he present sy e
form ' iP1ave taken our energy loss measurements from the phototube

located at the greater distance from the position at which the

2_5m2 2 2 2.4 particle passed through the scintillator. We have thus traded
Am?=2m?\(ap)*+ (b/B)*+g%", @) the statistical accuracy in pulse height measurement for the
wherep is the particle momentum3 is the velocity of the €xtended range provided by light absorption in the scintilla-
particle relative to the speed of light, ape=1/\/1— 2. The  tor. In this way all ADC’s can measure the energy ldds
value ofg is the average fractional timing errge=At/t. The ~ UP to a value at least 6 times that of minimum ionization
values ofa, b, andg were determined in a simultaneous fit to Without ADC range overflow.
three particle masses using TOF1 and TOF2. The fit results Because there was considerable absorption of light in the
for TOF1 are the curves shown in Fig. 2. This parametrizaScintillator itself, light from each hodoscope element was fit

tion of the measuring errors was subsequently used to esti0 two attenuation lengths using data from minimum ionizing
mate the expected widths for measurements of heavid?ions. With the use of these attenuation lengths the observed

particles. pulse heights were then corrected for absorption according to
the point from which light originated. Often this point of
origin was determined from both the tracking program and
the time difference between phototubes on opposite ends of
The scintillation material used in the TOF1 and TOF2the scintillator. No events were used in this experiment if
hodoscopes was 2-in.-thick Bicron BC-408. The thicknesdoth light origins did not agree with each other within errors.

IV. AE MEASUREMENTS
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FIG. 3. Ratio of energy loss in TOF2 to energy loss of a mini- MASS SQUARED (GEV?)
mum ionizing pion in the same scintillator. The dashed curve indi- _
cates the expected location of deuteron points uncorrected for scin- FIG. 4. Average of the mass squared values using TOF1 and
tillator saturation. TOF2 for (a) negative andb) positive particles.

In addition, AE measurements were not used if the trackingabove the background around a mass squared of 3.5¢3eV/
indicated the presence of another track in the same scintillgperhaps 18~ events and 2@ events. Events in these plots
tor or in either of the adjacent scintillators. Corrections werecarry unit weight and are not corrected by their prescaled
made later for the loss of these tracks in higher multiplicitytrigger factors[6]. In the analysis that follows we will use
events. other cuts in the presence of which the “mass over momen-
Figure 3 shows a scatter plot of relatidd/AE,,;, versus  tum ratio” cuts were ineffective.
momentum of particles, whe®E,,;, is the energy loss ob-
served in the scintillator for pions at a momentum corre- VI. ENERGY LOSS
sponding to minimundE/dx. Cuts have been made on the ) )
data plotted here to ensure that the tracks came from a single F19ures 5 and 6 are plots of the energy loss expected in
consistent vertex identified both by the tracking and the up OF1 and TOF2 respectively for various particles as a func-
stream and downstream time of flight counters. It is possibldion Of their apparent momentum. The true momentum of
to identify bands in the plot that correspond to pions, kaonsdoUPly ionized particles will be twice what appears on the
and protons. The sharp edgeArt along the bottom edge of
the scatter plot is an artifact due to a threshold.

25----|----|-|||||||

e® TOF1

He*
SATURATION CORRECTED

V. EVIDENCE FOR DEUTERON PRODUCTION =0

. . . . . APPARENT MOMENTA
The dashed curve in Fig. 3 is a simple estimate of where

a band might lie for deuterons. It is uncorrected for satura- 15
tion effects in the scintillator. One can see that the signal
must be small and perhaps obscured by a background O:ga
false measurements. To reduce the background a cut wag 1°
made using the fact thatE/dx for particles with unit elec-
tron charge is very nearly a universal function for all par-
ticles with the same mass over momentum ratio. All tracks
which do not follow this function closely should be elimi-
nated from mass plots as potential mismeasured tracks. Fig

ures 4a) and 4b) are mass plots made using such a cut. In 0 1600 , (50330) 3000 4000
e . . . €
addition AE was required to be greater than 2.5 times mini-
mum. The mass plotted is the averagem@fandm, so that FIG. 5. Light output from TOF1 as a function of apparent mo-

only particles with momentum high enough to reach TOF2mentum, assuming charge ig, for various particles. Curves are
are included in Fig. 4. There is some possible deuteron signabrrected for light saturation in the scintillator material.
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FIG. 6. Light output from TOF2 as a function of apparent mo-  FIG. 7. The box outline on the deuterium curve defines an area
mentum, assuming charge i®,1for various particles. Curves are in which deuterium event candidates must lie.
corrected for light saturation in the scintillator material.

the number of events vs/q, both *He and deuterium would

peak at the same place, as would many other nuclei. We will
assume that nuclei heavier thdHe are produced so rarely

at they are not observed in this experiment. Then we will
search in a range of apparent momentum where our measure-
fents of pulse height can distinguish between a charge of 1
and greater charges. To obtain a cross section we must cor-
fect for data that is possibly excluded from our search range.

Figure 7 shows cuts applied to produce a search region for

scintillators. These data give the ratio of light output fromdeuterium when using TOFL. The box on the deuterium

. ' X 9 . 9 P ._curve outlines an area in which events must appear to be
stopping heavy part|cle§ to stopping electrons as a funCtIoEonsidered as deuterium candidates. A similar box with the
of momentum. For particles with momentum greater thar.‘same momentum limits was chosen for TOE2.
that necessary to penetrate a TOF scintillator, we approxi-

mate saturation effects using the relat{@

abscissa of these figures. Since we haveammwiori way of
knowing the charge of a given track, we always work with
the apparent momentum which is calculated assuming th
magnitude of the charge isel The vertical scale is in mul-
tiples of the energy loss expected from the passage of a min
mum ionizing pion.

These energy loss curves were corrected for saturatio
effects in the scintillator for massive low energy particles.
We have made use of data supplied by Bicf@hfor plastic

VIIl. LUMINOSITY

dL/dx=A (dE/dx)/[1+k(dE/dx)] @ During the experiment accelerator operators studied the

beam luminosity by periodically monitoring scattering from

a flying wire passed through the beam buncf@s These

is determined by minimum ionization expectations at rno_Iummosny results were recorded along with our other data.
Once these results were well enough understood, they were

mentump=2mc. The constankiis fixed by Bicron satura- used to calculate the luminosity for the crossing bunches at
tion data for particles with just enough momentum to pen- y 9

etrate a TOF counter thickness. We have checked the Iig@SL|Idmggsif)t;gi?{e\é\l?g;ugderr;[(?ggtlel:mg/oasg)fl gnuerag;{zmﬁaés
yield curve for TOF1 in Fig. 5 with proton data and found PP y :

good agreement. Since the anode signals from TOF2 phot(!)gminosity for the rema_ining data was estimated by compar-
tubes could not be corrected for space charge effects with 'Qr?nfggglur)égflpxrﬁgst!gghispfn%@mﬁgr fflor nl%ﬁ“;?.i:r?sd
dynode 9 signal, we used the proton curve of Fig. 6 to obtair} u uminosites. ux pari '

an average correction for these space charge effecs. THEZC SSERES BOVE 100 0 2 MoA B 20 FERCe
overall reliability of these curves is important for the remain- : 9

ing analysis. Iiylf;_rzltsiell_gir?tl)j]f of the complete data sample wagdt

wheredL/dx is the light output per centimeter of scintillator
anddE/dx is the energy loss per centimeter. The consfant

VII. CUTS ON THE DATA
IX. DEUTERON CROSS SECTION
Examination of Fig. 5 and Fig. 6 will reveal the difficulty ) . .

to be encountered in identifying the light nuclei. The most In general we determine particle masses using TOF1 and
restrictive problem is that some ADC's will saturate for light TOF2 measurements separately. A scatter plahpfersus
output corresponding tAE greater than 6 times minimum m3 for an event has most of the points lying along the diag-
ionization. Without theAE information this experiment can onal m"{:mg. Events which do not have points along the
measure only the ratio of mass to charg@). If one plots  diagonal are usually well removed from the diagonal and are
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T T T T T T T cross sections from the Particle Data Grddf)]. The ab-
i ] sorption correction factor applied to deuterons was 1.11 and
100 — — that applied to antideuterons was 1.66.
i N ] A Monte Carlo simulation of the deuteron acceptance
n [ ] which assumed a flat rapidity distribution and a momentum
z 75 [ - ] spectrum(discussed belowagreed well with the observed
5 1 deuteron rapidity distribution. The results of the Monte Carlo
5 L ] simulation were then used to make geometrical acceptance
E 50~ ] corrections. Since tracks were not used in the deuteron
§ ] search unless all 3 planes of the vertex chamber contributed
- 1 data points, this required a further correction of 20%.
25 — — . . . .
- L . Invariant differential cross sections for deuteron produc-
] tion may be calculated without relying on details of the deu-
N I [ B L] teron momentum distribution. For rapidijy=0 and average
0 1 2 3 4 5 momentump=1.225 GeV&, these are
MASS SQUARED (GeV*)
FIG. 8. A plot of the mass squared distribution based on the d®a(d")/(d°p/E) = (1/2m)d?aldy prdpr
average of TOF1 and TOF2 measurements for both negative and — 149+ 33 nb/Ge\? 3)
positive particlesdE/dx and momentum cuts were used to favor '
deuteron selection. The curve shows the expected mass resolution d30'(d7)/(d3p/E)=(1/27T)d20/dy prdpr

for deuterons and is not a fit to data.
=103+ 28 nb/Ge\A. (4)

easily eliminated by cuts. Mass peaks are best resolved from . . .
one another by projecting the remaining scatter plot point much more gseful Cross sectllon for comparison with the
on the diagonal axis. Since data points lie close to the diagt€ntral production of other particles would de/dy|y—o,
onal axis, this procedure essentially plots points versus th&/nere the tranverse momentum dependence of the invariant
average mass squared of the two measurements. FigureC&SS section has been integrated out. Since we accepted only
shows such a projection of data versus average mass squaredortion of the momentum spectrum, it becomes necessary
after applying the previously described momentum Ak to assume a momentum spectrum for the deuterons in ordgr
cuts to select deuterium. Both positive and negative track{p correct for the unobgerved deuterons. We have investi-
are included in the plot to increase statistics. gated two models f_or this momentum depende_:n_ce_.

One can see a remnant of protons near a mass squared 0fThe first model is a mass dependent, relativistic thermal
1.0 (GeVk)?. The expected mass resolution for deuteronsmOdel[ll] of the form
plotted in Fig. 8 was estimated by a Monte Carlo similation _ >
using the results of measuring error studies on the more plen- dN/dp=Apexp(—\p*+m/T) ©
tiful lighter particles. It is shown here to convey the expectedyherem is the mass of the particle, anis its transverse
mass resolution for deuterons and is not a fit to the data. Thg,omentum. A value of = 253 MeV gives a very acceptable
center of the curve is placed at a mass-squared value thgf 1 the antiproton momentum spectrum in this experiment.
corresponds to a deuterium mass about 8% lower than thene qot-dashed curve in Fig. 9 is a plot of this curve for the
nominal value. We attribute the apparent mass shift of theoteron mass.

data to a timg—walk cprrection lmade to. time to digi'gal CON- The coalescence modéP] has successfully described
verter(TDC) times. This correction algorithm was optimized momentum distirbutions for produced nuclei by constructing
using lighter ionizing particles. An overcorrection for 5 nroquct distribution from the momentum distributions of
heavily ionizing particles would give systematically smaller ihe constituents, evaluating each constituent momentum at
mass values. . /N, whereN is the number of constituents. We find a good
The events plotted under the curve in Fig. 8 are used g; 14 our proton momentum spectrum can be obtained with

obtain the deuteron production cross sections, but the pointg, exnonential in transverse momentum. This suggests that
plotted are not weighted by the trigger prescale factors thag,, qeuterons we use the function

must be used for cross section calculations. Trigger prescale

factors range from 1 to 26, and if used in plotting with dN/dp=A{(p/2)exd —b(p/2)]1}?, (6)
low statistics data samples, produce deceptively irregular
histograms. whereb is obtained from fitting the proton spectrum. This

In the raw data we find 38 deuteron events and 19 antifunction is plotted as the solid curve in Fig. 9.
deuteron events. Each individual event was weighted by its It is interesting to note that even a high statistics version
associated prescale factor and further corrected for a cuif this experiment would have difficulty distinguishing the
which eliminated events with multiple tracks in a TOF coalescence model and the relativistic thermal model. Both
counter or events with hits in scintillators adjacent to themodels predict a momentum acceptance of 39% for collect-
deuteron candidate. Corrections were made for absorption iimg deuterons in our transverse momentum interval €,85
0.15 interaction lengths of spectrometer material based or.1.6 GeVE.
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FIG. 10. Average charged multiplicity in the pseudorapidity in-
FIG. 9. Two models for the deuteron momentum distribution. terval »<|3.29 vs particle mass found in the spectrometer arm
Solid curve: distribution is the square of the measured proton monear 90°. Since minimum bias triggers most frequently had no spec-
mentum distribution at half the deuteron momentum as used in theometer particle, this multiplicity is plotted at zero mass.
coalescence model. Dot-dashed curve: distribution is a thermal
model using the deuteron transverse mass in the Boltzman factortrometer arm had to be computed with data collected for the
entire experiment using a large variety of triggers and pres-
The calculated cross sections per unit rapidityat0 are  cale factors. Low multiplicity events were heavily prescaled.
A few of these events dominated the error calculation for

do(d")/dyl,—=2.18+0.48 ub (7)  average multiplicity.
Also plotted for comparison is the average charged mul-
and tiplicity in the same pseudo-rapidity interval when pions, ka-
_ _ ons, or protons are found in the spectrometer arm. Adequate
do(d”)/dyly-o=1.58+0.43 ub. (8) statistics for these particle types could be obtained from a

Cross section errors are determined almost equally by theW short data runs with unbiased triggers.

effects: the small number of candidate events and the unc:e{i—cl-rhere may be a slight increase of multiplicity with par-

tainty in absolute integrated luminosity. The two cross sec;[. N maslj ES |nd|ca_1tet,-d tt)y ﬂ:ﬁ iashed line. Dsu:e_:o(r; prodU(t:-
tions are equal within errors. The systematic uncertainty ins0N could be consistent wi IS Increase, but 1 does no
how any sign of being remarkably different from the

troduced by the assumption of a deuteron momentu

distribution has not been included in the errors, but the Sucgeneral trend.

cess of the coalescence model in other situations suggests

that this does not make a major contribution to the error. XI. TRITIUM
An independent measurement of proton or anti-proton

. ; A search was made for a tritium signal using momentum
production giveg12] 9 9

and dE/dx cuts that should strongly suppress background
from other sources. The dashed box in Fig. 11 shows an area
9) selected for the TOF1 counter. A sim_ilar b_o?< was selected
for the TOF2 counter. Eight events, insufficient to form a
The ratio of deuteron to proton production in central colli- convincing mass peak, were found in the mass interval ex-
sions is thudd™/p " =(5.0=1.0)x 10" *. The luminosity er- pected for tritium as predicted by our mass resolution func-
ror cancels in calculating this ratio. tion. There were no events at mass values higher than the
tritium mass interval. Seven other events were discarded.
Some of these had three inconsistent mass values and some
had good proton mass values together with large enough
A charged multiplicityN, was measured for each event Landau fluctuations to passE cuts for TOF1 and TOF2.
by barrel and endcap hodoscopes. Hodoscope elements cov-If we assume these candidate events were all positively
ered the pseudorapidity rangge<|3.25. A correction was charged tritium, we can estimate a cross sectiory=a0
made to the number of scintillator hits to account for theusing the approach outlined for deuterium earlier. In this
finite size of the scintillator element43]. case the momentum spectrum given by the coalescence
The average of the charged multiplicity for events with anmodel differs somewhat from that given by a thermal model,
associated deuteron in the spectrometer arm {da$=67  and the resulting cross sections disagree by 20%. An average
+21. This value ofN.) is plotted in Fig. 10. The average of these two values gives a cross section for tritiumyat
charged multiplicity for events with a deuteron in the spec-=0 of

do(p7)/dyly-o=do(p™)/dyly—o=(4.34-0.65 mb.

X. ASSOCIATED CHARGED MULTIPLICITY
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25

connection between the big bang model of nucleosynthesis
and the nuclear production we observe in elementary particle
collisions. However, the fact that thdp ratio produced in
high energy collisions is larger than that predicted by big
bang nucleosynthesis could potentially affect conclusions
about measurements of this ratio in interstellar gas clouds.
This is discussed below.

The big bang model makes a prediction of the baryon

e TOF1
]

- density in the universe that is simply related to its prediction
i

-
B

SATURATION CORRECTED

20
APPARENT MOMENTA

15

10

AE/AE

of the relative primordial abundances of the light elements
H, D, ®He, “He, and’Li [14]. In this model the ratio of
deuterium to hydrogen is the most sensitive predictor of

_____________ 1 baryon density in the universe and thus gives information on
. . ) the possible closure of the universe.
% 1000 2000 3000 4000 Interstellar measurements of the atomic D/H ratio are gen-
P (MeV/C) erally taken to bedower limits for the primordial ratio, since

c;’lluclear reactions in the evolution of stars are expected to
deplete the relative amount of deuterifibd]. Measurements
on the absorption of quasar light in low meEtSaI hydrogen
+ _ clouds have given D/H values between 280 ° and 5.7
do(t7)/dyly-0=0.830.32 ub, (10 X 10 *[16-19. Low metal content makes these clouds can-
where the error includes systematic effects. The correspondlidates for primordial hydrogen that has not undergone stel-
ing invariant cross section for tritium production at¢ and  lar evolution. The lower values for D/H imply a higher

FIG. 11. Dashed regions indicate areas used in searching f
tritium and helium signals.

pr=1.5 GeVt is baryon density for the universe and seem to be theoretically
favored[14].
(1/2m)d?a(t")/dy prdpr=35+13 nb/Ge\%. (11) Because the/p production ratio observed in this experi-

o ] ) ment is approximately an order of magnitude greater than the
One expects antitritium to be heavily absorbed in the magrently favored primordial D/H ratio, irradiation of primor-
terial of the spectrometer. No attempt was made to calculatgjy, gas clouds by cosmic rays or other high energy particle
a cross section for it. fluxes could have in principle increased the D/H ratio over
long periods of time. For cosmic ray fluxes the size of those
XIIl. HELIUM in our neighborhood of the universe the cross sections we
fneasure for deuteron pair production are too small by many

cuts used with TOF1 to search for a signal frdiHe and orders of magnitude to produce a significant increase in the
3He events. A similar cut was used simultaneously forD/H ratio of hydrogen gas clouds, even if these reactions

TOF2. Although events with any large value aiE/dx were were to be integrated over the age of the universe.
accepted, most counters or TDC’s saturated a little above 6
times minimum. This saturation prevented us from searching
in the momentum region where the greatest potential existed
for separating helium from the nuclei with unit charge. The We have observed signals for centrally produced deute-

momentum acceptance is expected to be small in the regiof,m and antideuterium ipp collisions atys=1.8 TeV and
outlined, 4% according to the coalescence model and 1.5%ave calculated absolute cross sections for the production
according to the thermal model. _ rates. We use these cross sections together with those for
There were no acceptable events found in the mass rgsoducing protons and antiprotons in the same rapidity inter-
gions expected for either isotope of positive helium. Ouryg) to calculate a/p production ratio for high energy had-
method of calculating cross sections requires us to observ@p collisions. Some evidence was found for tritium produc-
an event in order to know its prescale factor. Using the avtjon, and a cross section estimate was made. No helium

erage prescale factor observed for deuterium events, we cqbtopes were observed, but the sensitivity of the apparatus
nevertheless estimate helium cross sections that would havgas not optimum for such a search.

been implied by the observation of one event using a coales-
cence momentum model and a thermal momentum model

Figure 11 shows a dashed open box which outlines th

XIV. SUMMARY

respectively. One’He event would implyda/dy|y:0~500 ACKNOWLEDGMENTS
nb or do/dyl,_o~1400 nb. One“*He event would imply ) _ _
do/dyl,_o= 150 nb orda/dy|,_,= 700 nb. We are indebted to the Fermilab staff. Valuable contribu-
Y Y tions to the data processing were made at times by S. Tufte,
XlIl. BIG BANG COMPARISON J. Bevic, X. Chen, and D. Thurs. We wish to thank N. Gel-

fand and C. Grosso-Pilcher for assistance in understanding
The large disparity between nuclear binding energies anthe results on Tevatron luminosity data. F. Scherb was most
multiparticle collision temperatures suggests there is littlehelpful in providing recent astronomical reports.
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