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There are a number of theoretical motivations for searching for anomalously heavy isgopéknown
elements, wheré is the nuclear charge of the anomalous nuckuSuch nuclei could arise from the binding
of a new strongly interacting massive parti¢®MP) to the nucleus of a known element, and could thus be
detected as an anomalously heavy isotope of that element. SIMPs have been proposed as candidates for dark
matter, and for the lightest supersymmetric particle, as well as a possible explanation for ultra high-energy
cosmic rays. A search for anomalous nuckeihas been performed by analyzing several unique samples
including gold nuggets collected in Australia, Arizona and North Carolina, gold foils flown on NASAs LDEF
satellite, and an Fe meteorite. In each gold sample we scanned for Au isotopes with masses up to 1c87 TeV/
using PRIME Lab, the Purdue accelerator mass spectrometer facility. We have also searched for anomalous Fe
isotopes with masses up to 0.65 Te¥in the iron meteorite sample. We find no evidence for SIMPs in any
of our samples, and our results set stringent limits on the abundance of anomalous isotopes of ordinary matter
as a function ofX mass.
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[. INTRODUCTION in a heavier nucleus would have a smaller momentum and
thus a smaller kinetic energy. As a result, SIMPs may bind
The object of the present paper is to describe in detail apreferentially to heavy nucldil,2,7-9. We have also car-
experiment that we have recently carried fLi2] searching ried out a search for SIMPs in a sample obtained from an
for anoma|ous|y hea\/y Au and Fe nuclei. This search Wayon meteorite which we describe in greater detail below.
primar”y motivated by theoretical Suggestions that new There are a number of theoretical motivations for search-
strongly interacting massive particlé8IMPS9 exist in nature  ing for anomalously heavy isotopes of known elements.
which bind to the nuclei of ordinary atoms. SIMPs could Among these is the suggestion that SIMPs may exist and
thus be detected in a search for anomalously heavy isotop&¥nd to nuclei of known elements. SIMPs could thus be de-
of ordinary nuclei, specifically Au and Fe in the present ex-tected as anomalously heavy isotopes of the corresponding
periment_ A|though similar searches have been carried OLﬁIements. The theoretical motivation for SIMPs arises from a
previously for SIMPs bound to light nuclg8], for charged number of sources. SIMPs have been suggested as candi-
SIMPs in Fe[4], and in scattering experimen(ts,6], this is ~ dates for dark mattd®—13], as explanations for cosmic rays
the first search for SIMPs bound to heavy nuclei. with energies exceeding the Greisen-Zatsepin-Kuzmin cutoff
The choice of gold, which is the primary focus of the [14-17, and as candidates for the lightest supersymmetric
present paper, was dictated by a number of considerationgarticle [17-23. In addition Spergel and Steinhardt have
(1) From an experimental point of view, gold readily forms recently proposed a model of dark matter which assumes that
negative ions, which the accelerator mass spectromet&!MPs exist and interact strongly with one anotfia4,29.
(AMS) at the Purdue Rare Isotope Measurement Laboratorfyor & more detailed discussion of these theoretical motiva-
(PRIME Lab requires in the sample injection stagee Fig. tions for SIMPs see Ref§7] and[26].
1) (2) Gold Samp|es with reasonab|y well-known |0ng expo- The outline of the present paper is as follows: In Sec. Il
sure times to cosmic rays and/or to a Component of darkve discuss the experimental method in detail, and in Sec. Il
matter are easier to find than would be the case for othet€ describe the various gold and iron samples analyzed in
elements, since gold is relatively unreactigee discussion this experiment. Section IV presents our results and our con-
in Sec. Il below. (3) There is an additional theoretical rea- clusions are contained in Sec. V.
son for searching in gold: Since a heavy nucleus is larger
than a light nucleus and_ hencg h_as a larger pot_ential well, it Il. PRINCIPLE OF THE EXPERIMENT
follows from the uncertainty principle that a particle trapped
We present in this section a detailed description of the
experimental method for detecting anomalously heaAu
*Present address: 80th Flying Training Wing, Sheppard AFBand ,gFe nuclei using the AMS facility at PRIME Lafsee

TX 76311. Fig. 1). The gold and iron samples were introduced into the
TCorresponding author. ion source where an Auor Fe beam was formed by a 6
*present address: Office of Science and Technology Policy, ExkeV Cs" beam sputtering the exposed surface. The Au or Fe

ecutive Office of the President, Washington, DC 20502. ions produced in the source were separated from possible
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contaminants by a 90° injector magnet, and were then acce&nd hence the net effect of these magnetic and electrostatic
erated to the terminal. At the terminal the ions were passedomponents is to bend the ion beam in such a way that ions
through a region containing argon gas which had the effecith a predetermine/q reach the gas ionization detector.

of removing several electrons. One purpose of this “strip-  As can be seen from the preceding discussion, it is pos-

ping” stage is to dissociate any molecular contaminantssible for species which do not have the proper mass to pass
present in the beam. The dissociation of molecules into indithrough the AMS and simulate an anomalously heavy iso-

vidual atoms occurs for molecules with a final charge stat§ope. Any beam with these characteristics is referred to as a
greater than+3, and is often referred to as the “Coulornb guide beam. We are able to capitalize on this observation to
explosion.” This arises from the circumstance that partially o e ate guide beams which are used to test the tune in un-
shielded nuclei repel one another owing to their net positive} - o regions of the AMS operational phase space. A guide

Svr;]aiéae(.:oAuT dasi:r(?jllg:é ?ﬁgtarn;'snear:':enoffrzr: ;:riz\l’gugmﬁg:i/%eam is an elemental beam of conventional atoms whose
) T P y /g we may anticipate knowing@ priori which nuclei are
isotope is significantly reduced. Another consequence o

stripping is that the sign the ion charge changes, thus allowRresentin the sample. For example, gold£ 197 amu) in

ing the tandem to accelerate atoms both into and out of th(e‘harge statg=+5 Is a gu@e beam to test the tune of the
accelerator. AMS at My=276 amu running at charge staie + 7. (For

a more in-depth discussion regarding guide beams see Ref.
[7].) We note in passing that in addition to guide beams
A. Guide beams containing the actual samples Au and Fe, we also utilized Cu

The ;oAU and ,Fe ions emerging from the accelerator areguide beams which originated from the copper cathode that

focused by the electrostatic quadrupole before entering theoused the samples.
magnetic elements located at the high energy end. These
magnetic components select for ions with a predetermined
value of ME/g?, so that for any two ions

B. Beam detection and detector window

The gas ionization detector at PRIME Lab uses low pres-
M.,E; M,E, sure propane gas and a low transverse electric field to deter-
9 - 9 ' @ mine the energy of the incident ion be&&¥]. The ions enter
! 2 the detector through a thin Mylar film where they encounter
the gas and produce electron-ion pairs. In the presence of the
whereM is the ion massE is its the energy, and is the final  electric field the electrons and ions separate and induce volt-
charge state which results from the stripping process merage signals on the cathode and anode inside the detector. The
tioned above. Before entering the detector, additional seleaanode is subdivided into segments which determine the en-
tion is provided by the electrostatic analyzer which selectsrgy deposited over a corresponding section of the ion path,

for a predetermined value &/q, while the cathode provides a signal proportional to the total
ion energy(see Fig. 2. While the total energy measurement
E, E, is made by the cathode, segmenting of the anode makes it
— = (2 possible to determine the amount of energy deposited on
ar Q2 each plate. This in turn allows the detector to discriminate
among particles whose energy is the same but which possess
Substituting Eq(2) into (1) leads to different nuclear charged. While the detector itself is ca-

pable of resolving beams with differeBtand Z, the energy
loss of the beam in the Mylar window at the entrance to the
&: & (3) detector limits the maximum attainabléy for a given
1 G2 charge state.

072003-2



SEARCH FOR ANOMALOUSLY HEAVY NUCLEI IN GOLD. .. PHYSICAL REVIEW D65 072003

Anode Pla/tfs, +550 V other sources. In all cases, we attempted to obtain samples
with the largest possible exposure times to sources which
might contain putative SIMPs.

Incident

Beam A. Geological samples

To maximize exposure to possible galactic dark matter
/ SIMPs and to any cosmic ray SIMP component, we re-
e et e, -800 V ! stricted our geological samples to those residing within
‘ ~15 cm of the surface in areas which were relatively inac-
tive geologically. It should be emphasized that gold obtained
FIG. 2. Schematic cross section of the PRIME Lab gas ionizafrom near the surface of the Earth may be the result of rela-
tion detector. Notice the Mylar window at the entrance to the dedively recent ongoing geological activity such as erosion or
tector which prevents the propane gas from entering the beam pipé€eposition. Since bedrock is being continually buried and
exhumed, it is generally difficult to determine the length of
C. Experimental procedure time during which a given sample was exposed to cosmic
ys. However, duration of exposure can be estimated using
osion rates.
Since the actual penetration depth of SIMPs is heavily
model dependent, we present three distinct ages for each
old nugget. First, we estimate the time the sample spent in
e top meter of the surface, which we calculate from simple
stimates involving erosion rates for the region of interest.
ince erosion rates vary significantly over the surface of the
arth, we have used a simple model to estimate near surface
residency timg7]. This model has been widely used to pro-
{lide mean minimum estimates of surface residency times
[28,29. Since gold is relatively unreactive and more dense
than Earth, it resists removal and generally becomes concen-
trated in the soil or stream sediment as a residuum. As a
result, the above model provides a conservative estimate of
the near surface residency time of the sample. Second, we
) _ introduce the time since the quartz veins or other mineral
char_ges of b°t2 t'he Mylar and the massive particle. ) deposits containing the gold were formed. Finally, we esti-
Since ME/G* is held gonstant during the. scan, It was are the age of nucleosynthesis as an upper bound on the
hecessary to change to hlghe_r charge states in order to det%ﬂe of an Au sample, since it represents the age at which the
higher masses. To achieve this we introduced the variationgl o heavy elements were formed. We emphasize, however,
charge state metho/CSM): As the selected mass in- yna4 any uncertainty in dating the samples only affects the

cr.eased, the beam energy was reduced until it fell below thﬁnplications to be drawn from our experimental results, and
window cutoff energy, after which the next higher chargenot the results themselves

state was selected to allow for a higher beam energy. It
should be noted that the energy is a function of the charge

state(q) and terminal voltage\(y), along with the voltage )
(V,) of the pre-acceleration stage in which atoms from the Our oldest near surface samples come from two different

Frisch Grid, 0 V

The samples were placed in copper cathodes attached ﬁ
an eight-position copper wheel which allowed each sample
to be rotated into the path of the Cheam. The accelerator
was tuned to a particular terminal voltage and mass, and aft
each sample was counted at this voltage for one minute, tht
injector magnetic field strength was changed to select for thg
next mass. At the same time the terminal voltage, and th
electric fields in both the electrostatic quadrupoles and th%
electrostatic analyzer were adjusted so thE/q? for the
magnets following the accelerator remained constant at the
maximum field strengths. It follows that for a fixed charge
stateq, scanning to higher massbbknecessitated working at
a lower beam energi which, however, had to exceed the
window cutoff energy. The window cutoff energy is the
minimum beam energy required to penetrate the 2rh
Mylar window, and is primarily a function of the nuclear

1. Western Australia

sample are extracted by the ion source. Hence, areas in the Lean?ra Distric.:t of western Australlia: L,averton
(28° 37.3 S, 122° 24.0 E); and Nullagine (28° 53/2S,
E=[(1+q)Vr+V,llel, (4)  122° 19.8 E). The nuggets were found in the upper few

centimeters of soil with a metal detector. This region of Aus-

where|e| is the unit of electric charge. The VCSM allowed tralia is tectonically inactive and, because of its arid climate
us to run at lower charge states which yielded higher trans@nd low topographic relief, samples from western Australia

mission efficiencies, and as a result optimized the limits ol@ve some of the longest near-surface exposures of any gold
X/Au for a givenMy . on Earth (1.25 My). The age of mineralization of these

samples has been estimated at X85° years(2.65 Gy

[30] (see Table ). For more details on the samples see
Ill. SAMPLES Table II.

We present in this section a detailed description of each of
the analyzed samples. This information is important in con-
straining various theoretical modg¢B6], since the limits that We have also obtained a sample from the Mineral Park
follow from our experimental results depend on the knownDistrict (Gold Basin of northwestern Arizona (35° 47. 2,

(or presumep exposures of our samples to cosmic rays orl14° 10.7 W). The sample was found in the upper few

2. Arizona
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TABLE |. Estimated ages for the geological gold nuggets. Two different ages are presented since the
actual penetration depth of SIMPs is model-dependent. For models in which a SIMP stops in the soil layer of
material near the surface, the surface age would apply. In contrast, models for which the SIMP penetration
depth is much larger suggest the use of the age of mineralization or even the time of Au formation from
nucleosynthesis.

Region Type Assumed erosion rate Age
Australia Surfacdwithin top metey 0.8 m/My[31,32 1.25 My
Mineralization 2.65 Gy 30]
Arizona Surface 2.5-58 m/M}33] 0.02-0.4 My
Mineralization 50-70 My{34]
North Carolina Surface 6—10 m/MB5,36| 0.1-0.2 My
Mineralization 570 My[37-39

centimeters of the soil, and includes vein quartz indicatinghants. This was later confirmed by the observation of a large
that it was not transported. The sample’s discovery locatiomumber of contaminating peaks in the total energy spectra.
was in the transition region from the tectonically active Ba-All native gold is an alloy of gold, silver and copper. While
sin and Range to the relatively inactive Colorado Plateauthe gold is relatively unreactive, the silver and copper will
This region of the southwest United States is considered tarnish. If the nugget is in a near-surface oxidizing environ-
semi-active tectonic region, with an age of mineralizationment(stream sediment or soil residulitiie silver and cop-
estimated at 50—70 MJ34]. The climate in this region is per leach out of the gold over time. This suggests that in
arid with approximately 20 cm of annual precipitation. The contrast to the Australia and North Carolina samples, the
wide range in estimated exposure times presented in TableArizona gold nugget has not had as long a residual history.
reflects the contrasting relief of the region. Areas with deefHowever, one must be cautious and note that the Australia
valleys or canyons tend to have faster erosion rates than pland North Carolina samples generally have lower initial sil-
teaus and hilltops. Since our nugget was discovered on wer contents.
gently-sloping hilltop the lower end of this range is likely
most applicable. 3. North Carolina
As with all North American samples, the Arizona sample Ty samples were collected from streams in western
is likely to have a much shorter near-surface residency tim@yorth Carolina. These were recovered during placer mining
when compared to the Australian samples. However, this igrom Golden Valley/McDowell City, and Black Run Creek,
probably the best that can be expected from North Americag|| of which were extracted from an area centered on
and reflects both the recent tectonic activity and faster rategse 47 N, 82° 20 W. The sample grain sizes range from
of erosion. . . sub-millimeter to approximately one centimeter and were re-
~We note in passing that the Arizona nugget had a targoyered within the active or recent stream channels that drain
nished appearance, which indicated the presence of contamjisseminated gold deposits formee570 million years ago
[37-39. The regional topography has moderate relief, with a
TABLE II. Masses of the geological samples by run. Runs Au2climate which receives approximately 100 centimeters of
and Au4 were carried out in charge stags +7 andq=+9,  precipitation annually. Rates of erosion are relatively slow in
respectively, whereas run Au5 used the variational charge statghe Appalachian foothills since they are tectonically quiet,
method. As we discuss in the text, different charge states corregnd were south of the area affected by glaciation during the
spond to different mass ranges i . In two instancegNullagine  |ce Age. Further details on the geology of the region from

and Gold Basinthe samples were not entirely consumed following \yhich these samples were obtained can be found in[REf.
run Au4, and were reused in run Au5.

- B. Exotic samples
Region Sample Run Massg] Xl P

: In addition to the previously discussed geological

Australia Laverton Auz  0.10880.0001  gsamples, we obtained three “exotic” samples: one was gold
Au4  0.1106-0.0001  from the NASA Long Duration Exposure Facilit. DEF)
Au5  0.0884-0.0001  satellite, and a second was gold from the Alternating Gradi-

Nullagine Au4  0.189€:0.0001 ent Synchrotror(AGS) at Brookhaven National Laboratory.
Au5  Same Cathode  The third sample was a piece of iron meteorite from the
Arizona Gold Basin Au4  0.37670.0001 Canyon Diablo, Arizona crater. Since these samples came
Au5  Same Cathode  from environments which were very different from those of
North Carolina Golden Valley Au4  0.381#10.0001 the geological samples, they expand the discovery opportu-

Au5  0.195%0.0001 nity for SIMPs. In addition the histories of these samples
Black Run Creek  Au4  0.37740.0001 were better documented than those for the geological
samples.
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TABLE lIl. Masses of the LDEF samples by run. The run mass
refers to the amount of Au actually used in the experiment.

Quantity Value
Diameter 1.585 cm
Thickness 0.5 mm

Run Au4 mass
Run Au5 mass

0.27790.0001 g
0.23220.0001 g

1. Long Duration Exposure Facility (NASA)

LDEF was in Earth orbit for 69 months from 1984 to
1990, and was designed to provide long-term data on th

space environment and its effects on space systems and op-
erations. LDEF was placed into a nearly circular orbit at an

altitude of 275 nautical miles500 km) and at an inclina-
tion of 28.4 degrees. Since LDEF was deployed during
solar minimum and retrieved at a solar maximum, it exper
enced one-half a solar cycle during its 32422 Earth orbits.
Our samples were obtained from the Meteoroid and Ex
posure Module(MEM) which studied the reaction of gold
foils to micrometeorite impacts. NASA provided us with

3.9546+=0.0002 grams of gold from this experiment, and de-

tailed descriptions of these samples are given in Table Il
The MEM experiment tray housed 0.5 mm thick gold foils
with a combined cross-sectional area of 1.2K 27 m.

PHYSICAL REVIEW D65 072003

rare processes in heavy ion collisions with the Alternating
Gradient SynchrotrofAGS) at Brookhaven National Labo-
ratory. In experiment E87841,47, 3.55< 10'2 gold atoms
were incident on an Au strip target which had a thickness of
0.616 cm, corresponding to a 30% interaction length. The
thickness of the Au target was chosen so that 22.5% of the
incident Au beam interacted, assuming a 6850 mb total in-
elastic AutAu cross section[43]. Using this model
3.55x 102 gold atoms represents 7.810" inelastic
Au+Au interactions. The flux of incident Au ions was de-
posited predominantly in the center centimeter of the target,
with a negligible amount deposited near the edges.

e
3. Canyon Diablo Meteorite

We also obtained a 2995.6 gram sample of meteorite
which is predominantly iro{92%) and is a fragment of the

i‘?much larger meteoroid that impacted the Eartb0 000

years ago at Canyon Diablo, Arizona (35° Bl, 111° 2
W). The meteoroid is estimated to have sperB40 million

years in interstellar spa¢d5]. Its original mass is estimated
to have been~6x10" kg, and if it were traveling at its
estimated speed of 14.5 km/s this would imply that the initial
diameter of the meteoroid was greater than 3046].

IV. DISCUSSION AND RESULTS

(For more details regarding the origin of these samples and

the original LDEF experiment, including the sample loca-
tions, see Hrx et al. [40] and Ref[7].)

2. Alternating Gradient Synchrotron Beam Dump (BNL)
We were provided with 30.71710.0001 grams of Au

We present in this section the detailed experimental re-
sults obtained from the various samples described above.
The object of this experiment was to measure the pétisu,
whereX denotes the number of hypotheticaX anomalous
nuclei (having a masdy) and Au denotes the number of

from the beam dump of an experiment which investigated;eAu nuclei in the sample. This ratio is experimentally de-

q=+5

q=+5

FIG. 3. Stripper efficiency data
for charge stateg=+5 andq=
+7. For each charge state the fig-
ure on the left presents the mea-
sured efficiency as a function of
terminal voltage, while the corre-
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text and Ref[7].
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All Charge States TABLE IV. X mass,My, as a function of charge statg, The
0.45 ‘ ' ' ' most stringent limits orX/Au for the indicated ranges ofl x were
04 obtained from a beam with the corresponding charge stgt€he
’ application of these constraints comprised the variational charge
=50.35 state method.
=
> 03 Charge stateq Mass rangeMy [amu]
c
53]
go.zs +5 200=sMy <223
'-'CJ 02 +6 223=<My<324
§ ’ +7 324=My <442
g 0.15 +8 442< M <569
8 +9 569<My<723
= 0.1 +10 723<M,<910
0.05 +11 910=My<1075
+12 1075=M <1302
00 1 5 3 4 5 6 7 +13 1302 My <1495
Energy at Stripper [MeV] +14 1495=M <1776
FIG. 4. Stripper efficiency as a function of energy for charge
statesq= +5 to q= + 14. For charge states= + 11 and higher the
labels are not included on the plot. A. Transmission efficiencies

In order to extracX/Au from the measuredgX counting

termined by comparing the counting ra, of the 76X NU- 1ate and the,(Au beam current, it is necessary to determine
clei measured by the detecton counts per minute, cpMo e respective efficiencies for detectifgand Au. In general

the 76Au beam currentlqe;, measured by the detector Far- e tota] beam transmission efficiency for eitheor Au is
aday cup(in nA), the product of the separate efficiencies for each element of
the AMS, such as a pair of collimating slits or the Ar gas
5) stripper. However, each of these efficiencies is approximately
' the same folX and Au, with the exception of the Ar stipper
efficiency which depends on ion velocity and thus Mx, .

In Eq. (5) abovena, () is the transmission efficiency for Hence for practical purposeg,,/ 7x is essentially the ratio
detectings0Au (;9X). This ratio is included since the trans- Of the respective efficiencies in the Ar stripper. The SIMP
mission efficiency for detecting the heavy isotope is a func.EfﬁCienCieS at different masses can be modeled by those of
tion of the isotope mass. We must also introduce a factofn Au beam with the same velocity, since electron stripping
which converts from cpm to nA so th&is expressed in the in Ar at the terminal is a function of ion velocity and nuclear

Au e

X R ( MAu
71X

same units asge, charge(2) only. An example of the results from this proce-
dure is provided in Fig. 3 which presents our data for charge
count/ gle| 1.602<10°%° C statesg=+5 andq=+7 as a function of the terminal volt-
= — i( i age. In effect we are evaluating the efficiency of stripping
min {1 coun el Z=197 to the desired charge state as a function of ion ve-
1x10° nAl/1 min locity. Since the ion velocity is a function of thg-X mass
1 Cis )( 60 s) ©

TABLE V. Summary of guide beams. For each of the guide
beams in the first column we list the terminal voltagge, \h MV, at
which the corresponding guide beam makes it through the magnetic
and electrostatic components. We also list the final beam energy in
whereqg|e| is the common charge of thgAu and ;oX nuclei  MeV, and the beam width V+ at that terminal voltage. See text and
(in charge statq) selected by the accelerat@ee discussion Ref.[7] for further discussion.
below). Including this factor leads to

=((2.672<10 % nA,

Guide beam Y [MV] Energy[MeV] AV [MV]

X 12 AR [ 74 AUt 6.945-0.003  90.38:0.05  0.155-0.003
(2.672<10°1? . (7

Au lget\ 7x Au™® 5.070+0.003 50.7%0.05 0.095-0.003

Au™® 2.613+0.003 15.69%0.05 0.052:0.003

Since we anticipate a null result we interpret the limits using  Au™* 1.995+0.003 9.990.05 0.04-0.003

standard Poisson statistif47]. In such caseR is replaced Aut3 1.397+0.003 5.6@0.05 0.03-0.003

by (—Iney) whereey=(1—C.L.) and C.L. is the desired cutt 0.972+0.003 1.96:0.05 0.025:0.003

confidence limit. The results quoted here are at the 95% C.L. ay*2 0.828+0.003 2 56 0.05 0.0250.003

which corresponds to-{In £y)=3.00.
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FIG. 5. The X/Au ratios for
et the 5 different ;Au samples,
along with theX/Fe ratio for the
2 : : »6Fe meteorite. Since no evidence
R 4070 T { : for anomalous nuclei was seen in
. Golden Valley, NG : any of the samples, the limits ex-
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for further details.
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we have transformed the raw ddtehich are given in the left ciency as a function of SIMP mass for each charge state. As
hand plot$ to the quantities relevant in our search, namelythe charge state increases the stripper yield decreases as evi-
My and the ratio of the efficiencies. The plots on the rightdenced in Fig. 4.

are in terms of these transformed quantities which start at
Mx=M,,. The uncertainties for the higher charge states
were slightly larger than for the lower charge states since , ) .
fewer data points were taken, but the trend remained the AS noted previously, we relied on the presence of various
same for allg (see Fig. 4. guide beams to check the tune of the AMS throughout the

This technique of modeling thé efficiency with Au must ~ Scan up to 1.67 Te\”. In addition the guide beams were

then be separately applied to each selected charge state diseful in calibrating the gas ionization detector while simul-
noted byg. As we have discussed abowgvaries throughout taneously determining the minimum beam energy necessary
the experiment, being chosen appropriately to maximize théo penetrate the Mylar entrance window into the detector.
efficiency for a given range d¥ly [7] (see Table IV. As a  Finally the guide beams were used to determine the voltage
result it was necessary to determine the transmission effistep size as a function of the terminal voltage, which helped

B. Other experimental considerations

TABLE VI. Final experimental bounds oX/Au andX/Fe from the various samples reported at the 95%
C.L. For most of the samples the variational charge state mé¢¥©08M) described in the text was employed
to reach the highest possible mass, which was 1.67 d%eVb save time in the scans, the Nullagine, Black
Creek, and meteorite samples were only runat+9, which limits the maximunMy to 0.65 TeVLE?.

Sample Run Mass rang&eV/c?] X/Au Limit range
AGS Au5 188-1669 6210 1>~1.0x10°8
LDEF Au5 188-1669 6810 2-1.1x10°8
Laverton Au5 188-1669 6:31012—1.1x10°8
Nullagine Aud 188-647 7810 11-2.7x10°°
Arizona Au5 188-1669 8910 1?-1.5x10°8
Golden Valley, NC Au5 188-1669 6610 2-1.1x1078
Black Run Creek, NC Aud 188-647 6¢6.0°11-2.4x107°

Sample Run Mass rang&eV/c?] X/Fe Limit range
Meteorite Au4 188-647 5%10°-9.7x10°°
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optimize run times. The guide beams we used are given iZ=26 andZ=79. Since our primary focus has been on de-
Table V which presents their terminal voltages, energies antecting SIMPs, we have devoted considerable effort to ob-
beam widths. taining samples with exposure times to sourtasd hence
The detector calibration, and the calculation of the win-SIMPg which are both long and reasonably well-known.
dow cutoff energy, were performed in the same study using his is evidently true for the LDEF sample, and even more
the Au'® guide beam. To perform this test the Au peak in theso for the AGS sample, where the incident flux of gold atoms
detector total energy spectrum was monitored, while the totalvas well-known. For the geological samples, we have been
energy of the guide beam was slowly decreased. This akble to infer a range of exposure times on the basis of esti-
lowed us to precisely calibrate the detector behavior as aated erosion rates.
function of beam energy foZ=79. Once the beam energy  Although our primary focus has been to report these lim-
reached the window cutoff energy, a sudden drop in the deits as constraints on the malk, of a hypothetical massive
tector counting rate was observed which corresponded to 8IMP, our results can also be interpreted as setting limits on
beam energy of 1370.2 MeV for a 2.5 um thick Mylar ~ anomalous stable heavy Au and Fe nuclei containing a large
film. It should be noted that, once calibrated, the gas ionizaneutron excess. It should be emphasized that although the
tion detector resolves beams with different energies and diflimits themselves are model independent, the implications to
ferent nuclear charge&, Thus, we provide stringent limits be drawn from them are not, and require additional theoret-
even in the presence of a smajlT! or ,ogBi contamination. ical assumptions. We show in RdR6] how these results
For more information regarding this procedure and the deexclude various regions of thesy— Mg plane wherergy is

tector see Refd.7] and[27]. the SIMP-nucleon cross section ahtk is the SIMP mass.
Specifically the implications of our results for the SIMP con-
C. Experimental results tribution to the cosmological density parameter are discussed

Our results are presented in Fig. 5 and Table VI. Figure gh detail [26]. i ,
presents the ratio¥/Au for five different gold samples that ~ OUr results complement those obtained by previous
were run up to 1.67 Te\é? along with theX/Fe for the iron ~ 9rOUPS. Hemrr_uclet al. [3_] carrleql out a similar SIMF_’ search
meteorite sample. Each figure presents the limiXéAu as I light nuclei. For their heawest.nucleus, flgorlne, they
a function of theX massM , in GeV/c?. Note that for each found X/F<10"*'—10 % As previously mentioned, the
sample two trends are important; First the limits become lesBresent paper extends this technique to heavier nuclei where
stringent asM y increases. This is a consequence of the facSIMPs may bind preferentiallly7,8,26, although this comes
that higherM corresponds to a lower beam velocity given at the cost of reduced sensitivity. Riehal.[5] and Bernabei
that ME/q? is fixed. Since a greater difference between theet al. [6] have set limits on massive SIMPs from scattering
beam velocity and the Bohr velocity results in a lower strip-experiments, where exposure times are considerably shorter,
per yield, stripping becomes less efficient with increasingbut the detection efficiencies are better known. Comparing
My (see Fig. 3 Secondly we note the presence of discon-our results to those obtained from scattering experiments is
tinuous steps which reflect the change from one observedot straightforward, since this requires knowledge of SIMP
charge state to another. As discussed previously, changingoperties such as interaction cross sections and is beyond
from one charge state to another using the VCSM optimizeshe scope of the present pap@for one such application of
X/Au while simultaneously keeping the beam energy abovehese results see Rdi26].) Thus, while each experiment
the window cutoff energy. Although this procedure results inprovides new information on SIMPs, relating different ex-

a less stringent limit, it permits a scan to higher masses. periments to one another requires a more detailed SIMP

Given the proximity of the Laverton and Nullagine re- model, such as those considered in REES,25,28.
gions we assumed that exposure in one also took place in the

other, and hence only the Laverton sample was run using the
VCSM. The same assumption was also applied to the North
Carolina samples, and this allowed us to minimize the total
run time for the high mass scan using the VCSM to selected )
samples. TheX/Au ratios for the five gold samples along _1n€ authors are deeply indebted to Sam Aronson and
with the X/Fe ratio for the meteorite are shown in Fig. 5. No Mike Bennett for providing us with the AGS sample, and for
evidence for anomalous nuclxi was found in any of the several helpful_pommunlcat|ons. We are also deeply indebted
gold samples or in the iron meteorite, and hence the limit§0 Friedrich Hoz and NASA for providing the LDEF
shown in F|g 5 and Table VI are the bounds ¥fu and Sample, and for discussions I’egarding its hiStory. E.F. wishes

X/Fe at the 95% confidence |ev&:|_) We see from the to aCknOWIEdge and thank the late Idella Marx for making
table that for anomalous nuclei with massed.7 TeV/ic2  the meteorite sample available to us. We also wish to thank

the bounds are on the ordeix1.0~8. David E. Miller, Glenn Sembroski, Pankaj Sharma, and the
staff of PRIME Lab for their help on the experiment. V.T.
wishes to thank E.T. Herrin for helpful discussions. This
work was supported in part by the U.S. Department of En-
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