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The 
Incredible 
Case of 
NASA’S 
Missing 
Moondust
Neil Armstrong made 
history when he stepped 
onto the moon. Then some 
of the dust he carried 
back vanished. 
ELEANOR CUMMINS

N
EIL ARMSTRONG WASN’T

sure he’d stick the landing. 
At 10:56 p.m. Eastern 
Time on July 20, 1969, 
as he made his giant leap 
for mankind, a range 
of possibilities floated 

in the astronaut’s mind. The lunar 
surface might be covered in a powdery 
dust, Apollo 11 scientists had warned 
him. That dust might ignite upon 
the landing. Or, as one astrophysicist 
predicted, the surface dust on the 
moon might be so deep that the lunar 
module—and the men inside—would 
immediately begin to sink, as if trapped 
in quicksand. 

The United States had been 
preparing for a moon landing for the 
better part of a decade, ever since 
President John F. Kennedy had declared 
space exploration a national priority. 
But no one on Earth quite understood 
the moon’s geology. Telescopes offered 
limited insights. Earlier U.S. probes had 
mapped the moon’s surface but never 
touched down. Until that day, no human 
had gotten within nine miles of our 
only satellite. The only way to answer 
science’s most pressing questions was to 
set foot on the moon, no matter the risk.

To ensure the success of the 
mission, NASA worked up a quicksand 
contingency plan. When Armstrong 
exited the lunar module, his first task 
would be to scoop up whatever material 
was at hand and store it in a cloth bag, 
labeled Lunar Sample Return, attached 
to his spacesuit. While the space agency 
hoped Armstrong would later be able 
to make a more thorough investigation 
of the lunar surface, this blind grab 
for material would ensure that even 
if the astronauts needed to make an 
immediate escape, they’d return to 
Earth with something worth analyzing. 

Fortunately for Armstrong, the Sea 
of Tranquility lived up to its name. He 
took his historic steps without incident. 
Armstrong and fellow astronaut Buzz 
Aldrin scoured the moon’s surface, 
collecting better lunar samples and 
sharing their observations with Mission 
Control in Houston. They found 
plenty of powder—the consequence 
of solar winds and a constant barrage 
of micrometeorites that beat down 
on the milky-white regolith. The dust 
followed the astronauts back into the 
lunar module. It smelled and tasted like 
gunpowder. But it was clear the moon 
had a solid crust, more than capable of 
supporting a spacecraft and its crew. 

The footprints Armstrong left 
behind changed the way humans view 
their place in the universe. But from 
the beginning, NASA and other space 
explorers struggled to secure the 
physical artifacts of space travel, from 
the nuts and bolts of space vehicles 
to moon rocks themselves. While 
Armstrong’s lunar sample return bag 
should have been intended for the 
Smithsonian’s National Air and Space 
Museum, it ended up in court. At stake 
was a fundamental question: Can you 
put a price on moondust?

The lengthy legal battle to resolve this 
question would involve a former NASA 
investigator who sided against the space 
agency in court, a museum curator 
convicted on federal charges, the U.S. 
Marshals Service, and a very lucky 
auction winner. Each had their own 
view on the value of space-age artifacts. 
But only one would win—to the tune of 
$2.3 million. 

ON JULY 24, the Apollo 11 team 
reentered Earth’s atmosphere. They’d 
left the lunar module on the moon. 
They jettisoned the service module—a 
long cylindrical spacecraft that 
had propelled the crew to the moon 
and provided them with electricity 
throughout their journey—midflight, 
just as planned. Finally, after days of 
discovery, the men splashed down into 
the Pacific Ocean in the command 
module Columbia, a cramped conical 
machine that encased the astronauts 
and their technical equipment. 

With the first mission to the 
moon now complete, NASA set about 
recovering its assets. The Apollo 
program, which ran from 1961 to 1972, 
was to date one of the most expensive 
science experiments humankind had 
ever undertaken. But no one was really 
concerned about the monetary value 
of the individual items involved in the 
moon landing, says Louis Parker, a 
former NASA archivist. Lunar samples 
were carefully guarded, and some 
astronauts had sentimental attachment 
to “flown” objects, such as family photos 
or flags. But high-profile space auctions 
and internet trading sites like eBay were 
decades away. Apollo was historic, but it 
was not yet history. 

The Columbia hit the water upside 
down. Three flotation bags soon inflated 
in the nose of the craft, righting it. Elite 
divers from the Navy’s Underwater 
Demolition Team encircled the capsule 
with a flotation collar and removed the 
astronauts from the metal container. A 
helicopter plucked the men one by one 
from the water before placing them in 
a 21-day quarantine to ensure that they 
didn’t bring back any contaminants 
from the moon. Then began the arduous 
task of removing the spacecraft itself 
from the waves. As Mission Control 
in Houston puffed on celebratory 
cigars, the divers towed the 12,250-
pound Columbia to the USS Hornet, an 
872-foot-long aircraft carrier floating 
nearby. The command module glittered 
like gold under the overcast skies. A 
crane aboard the Hornet pulled the 
12-foot-diameter craft onto the runway. 
There, John Hirasaki was waiting to 
retrieve the priceless materials inside. 

The Apollo 11 command module, now displayed at the 
Smithsonian National Air and Space Museum, splashed 
down in the Pacific Ocean in July 1969. Among its 
contents were lunar samples collected by Neil Armstrong 
and Buzz Aldrin—and lots of moondust.   

Hirasaki, a mechanical engineer 
born into a Japanese American rice 
farming family, opened the hatch. He 
quickly retrieved Armstrong’s and 
Aldrin’s undeveloped film, spacesuits, 
and lunar samples—including the 
lunar sample return bag—and placed 
everything into metal containers for 
shipping. A cargo plane was on standby 
for the nonstop flight to Houston. The 
next afternoon, the shipment arrived 
at Lyndon B. Johnson Space Center, 
and within 48 hours, NASA proudly 
reported that the lunar samples were 
being studied at the facility’s Lunar 
Receiving Lab. 

More than a half century of research 
has now chipped away at the mysteries 
of the moon. But in the first days and 
weeks after Apollo 11, the lab observed 
that the moondust’s most notable 
quality was its stickiness. Solar winds 
not only make the dust extremely 
fine, like flour, but also render it 
electrostatic. From the moment the 
astronauts landed, the grains adhered 
to every spacesuit, every rover, every 
sample collection bag—and returned 
with them to Earth, like a semi-toxic 
glitter. It was almost impossible to 
dislodge. It would clog equipment, 
including the vacuum cleaner designed 
to remove it. Brushes did nothing to 
detach it. Neither did hands, which 
got sandpapered by the silicate in the 
process. Lunar samples, it was quickly 
becoming clear, were both priceless and 
a total nuisance. 

NASA was formally committed to 
keeping its moon rocks and moondust 
secure in perpetuity. Back in 1967, 
the United Nations brokered the 
international Outer Space Treaty, 
which stated that the exploration 
of the moon, and any artifacts that 
flowed from it, “shall be the province 
of all mankind.” Furthermore, NASA 
decided that all Apollo lunar samples 
were national treasure and therefore 
the exclusive property of the U.S. 
government. Private ownership, in this 
view, is impossible. Yet the space agency 
struggled to secure its haul. 

From the day Hirasaki’s shipment 
touched down in Houston, NASA 
studied the lunar material in-house. 
But the agency also loaned rocks out 
to research institutions and museums 
around the world, exposing them to 
theft, damage, and loss, says Joseph 
Gutheinz, a former NASA investigator. 
Politics only complicated things 
further. In 1970, President Nixon 
gifted every U.S. state and territory, 
and 135 countries, moon rocks from 
the Apollo 11 mission. It was an act of 
goodwill, Gutheinz says, and a logistical 
nightmare. Gutheinz estimates that 
roughly 150 moon rocks are currently 
unaccounted for, many of them 
bestowed by Nixon. Rocks gifted to New 
Jersey, Puerto Rico, and Spain are just 
a few of the samples on Gutheinz’s most 
wanted list.

At times, NASA went to great lengths 
to recover its rocks. In 1998, Gutheinz 
led a sting operation to recover 
Honduras’s sample, which had landed 
in the hands of a former military colonel 
amid a coup d’état. (“My undercover 
name was Tony Coriasso,” Gutheinz 
says.) Gutheinz and his collaborators 
have also tracked missing goodwill 
moon rocks to U.S. governors’ and 
senators’ homes, university basements, 
and museum storage units. But they 
know that some rocks may never be 
found. 

The government had even more 
trouble accounting for the other 
byproducts of the space race. Panels, 
screws, bags, gloves—no one knew 
exactly what was flowing into and 
out of Johnson Space Center. “It had 
grown into a pretty large monster,” 
Parker says. A 1967 agreement between 
NASA and the Smithsonian granted 
the National Air and Space Museum 
the right of first refusal over any of the 
objects decommissioned by the space 
agency. But reality got in the way. 

For one, NASA took its time 
decommissioning its machinery. Once 
the Navy divers hauled the Columbia 
out of the Pacific, it was returned to 
its manufacturer, North American 
Rockwell, of Downey, California, where 
engineers studied the single-use module 
to see how it had performed. Rather 
than reuse or recycle the materials, as 
shuttle engineers do today, they took 
insights gleaned from postflight testing 
to guide the design and fabrication of 
entirely new machines for the next trip 
to space. Only after this testing was 
complete could the Smithsonian move 
the command module to Washington, 
D.C.—which they did in 1971, two years 
after it had dropped from the heavens. 

America was moon crazy after the Apollo 11 mission. 
NASA organized a 50-state moon rock exhibit that 
attracted large crowds, like this one in Denver in June 
1970. 

NASA’s agreement with the 
Smithsonian was also undercut by 
handshake deals. Some engineers 
worked with NASA to get Apollo-era 
mementos formally released, with all 
the necessary paperwork to prove their 
lawful ownership. “They were pretty 
conscientious about that,” Parker says. 
“There were others that said, ‘This 
isn’t going to be tracked again,’” and 
took their favorite odds and ends home 
without clearance. The consequences 
could be serious: In 2011, when Apollo 
14 astronaut Edgar Mitchell tried to sell 
at auction a camera he’d brought back 
from the moon, NASA sued its 80-year-
old former employee. Mitchell claimed 
that management had told him he could 
keep the camera, but NASA said it had 
no formal record granting Mitchell 
ownership. (Mitchell eventually settled 
the lawsuit by agreeing to donate the 
camera to the National Air and Space 
Museum.) 

The biggest impediment to archiving 
the Apollo missions was that NASA and 
the Smithsonian simply didn’t have 
the resources to match their ambition. 
The Apollo program involved 25,000 
companies and 400,000 employees. 
It generated hundreds of thousands 
of artifacts, some as big as a rocket 
but many that were even smaller 
than a lunar sample return bag. “The 
Smithsonian, they were licking their 
chops,” Parker says. But the curators 
were 1,400 miles away, in Washington, 
D.C. And down in Houston, things had a 
way of getting lost.

JOHNSON SPACE CENTER sits at the 
intersection of two lakes: Clear and 
Mud. From the sky, the sprawling 1,620-
acre complex looks like a home plate, 
with more than 100 buildings clustered 
inside. It’s home to NASA’s Mission 
Control Center, specialized laboratories 
for everything from lunar sample 
analysis to space food development, 
and training centers that simulate the 
hardships of space. But in the story 
of Armstrong’s backup moondust, it’s 
perhaps Buildings 421 and 422 that 
matter most. 

The sprawling warehouses, bigger 
than a football field, still sit at the 
northern edge of the complex, along 
Space Center Boulevard. In the 1970s, 
the buildings, along with an adjoining 
storage yard, were dedicated to the 
“excess property” generated by the 
Apollo program. As the program was 
ending, manufacturers from around 
the country were returning every single 
nut and bolt to headquarters. There, 
NASA employees and volunteers sorted 
through semitruck shipments, airdrops, 
and even the wastebaskets of other 
Johnson Space Center employees. 

Among the eager recruits was a 
25-year-old named Max Ary. While 
NASA didn’t always see the value in its 
“excess property,” Ary did.

As the enthusiastic new director 
of a Fort Worth planetarium, Ary 
began writing to NASA after each 
lunar mission, asking for photos and 
technical manuals. “I was a child of 
the Space Age,” Ary says. “I’ll never 
forget, I was seven years old, waking 
up one morning in 1957 to my Roy 
Rogers alarm clock and hearing about 
this thing called Sputnik.” For years, 
Ary read every word about spaceflight, 
studied every diagram. Eventually 
he started reaching out to the 
manufacturers themselves on behalf 
of the planetarium. Whirlpool was 
one company to send him spare parts 
from their Apollo program—in that 
case, a water gun designed to rehydrate 
food in space. “When I’d go to return 
them, they’d say, ‘No, keep ’em, we 
don’t need them,’” Ary says. And so his 
planetarium’s collection began to grow. 

Soon Ary had amassed a body of 
knowledge that impressed even the 
Smithsonian. In 1975, he was invited 
to join an ad hoc group of Apollo 
enthusiasts who would take turns 
looking for treasure on behalf of the 
National Air and Space Museum. Ary 
and his fellow volunteers logged the 
parts piling up in Buildings 421 and 
422, where crates were stacked to the 
ceilings. “I wouldn’t be surprised if, 
when it was all said and done, there 
were half a million items,” Ary says. 
Using old-fashioned film cameras, 
they photographed every object of 
historical significance for curators 
in Washington, D.C., to review. If the 
Smithsonian liked an object, Ary and 
his colleagues stored it or shipped it 
for them. “I made many trips down 
to Houston,” Ary says. “Each trip got 
longer and longer.”

Some days it was dull administrative 
work. Each object had a part number 
and serial number. No one wanted 
to spend the money on a mainframe 
computer for excess inventory, Ary 
recalls, so Chuck Biggs, the director of 
public services at NASA, developed his 
own handwritten inventory system. 
Sorters wrote down each digit of each 
code on a legal pad, before transferring 
it to a typewritten form in triplicate. 
“It was almost an optical illusion,” 
Ary says. Logging items on little sleep, 
Ary and his colleagues knew they were 
making mistakes in the process. But in 
those days, there was no other option. 
“You write it down and hope for the 
best,” Ary says. 

Other days were action-packed. 
“Back then, the excess-property system 
had a lot more holes in it,” Parker says. 
If Parker, Ary, or another scavenger 
didn’t claim a box for the Smithsonian, 
Parker says the delivery guys “just took 
it out to dumpsters and got rid of it.” 
NASA had an objective: Make way for 
the new space shuttle program. Ary 
remembers a shipment arriving with 
a nondescript label like “chairs.” But 
when he took a look inside the truck, 
he recalls, “well, here were the ejection 
seats” from a recent space shuttle 
simulator. Ary begged the driver to wait 
for the paperwork they needed to save 
the seats. The driver was impatient to 
move on. “I literally jumped up on the 
front of the truck—on the hood of the 
truck—and said, ‘Stop!’” 

Ary saved the simulator seats from 
being junked. But countless other 
objects were melted down for metal or 
incinerated. “Thousands and thousands 
of these artifacts were just destroyed 
out of desperation,” Ary says. “I don’t 
even want to think about what we 
missed.” 

Lunar samples were the one thing the 
excess-property team should never have 
encountered. The rocks and the dust 
had been designated national treasures 
before they’d even been collected. Any 
item that may have come into contact 
with moon rocks or moondust was 
sent to the Lunar Receiving Lab for 
processing. “Supposedly they kept track 
of all 842 pounds that came back,” Ary 
says, “and they would keep track of 
it to a fraction of a gram.” But things 
occasionally slipped through the cracks. 
In 2011, for example, the government 
recovered a single piece of tape that 
NASA photographer Terry Slezak had 
used to remove lunar dust from his 
fingers decades earlier. If Ary or his 
colleagues ever stumbled upon what 
looked like extraterrestrial soil, they 
knew what to do: Send it back to the 
Lunar Receiving Lab immediately. 

Parker, who retired from NASA in 
2011, says he’s forgetting some of the 
details of those days. But, he says, “Max 
was the ultimate scavenger.” Ary helped 
save many priceless artifacts for the 
Smithsonian. Today the Air and Space 
Museum has more than 3,500 artifacts 
from the Apollo moon landing alone, 
including the Apollo 11 command 
module Columbia; Neil Armstrong’s 
spacesuit, visor, and gloves; and 
the mobile quarantine facility the 
astronauts lived in aboard the USS 
Hornet. “You could spend your whole 
career going through the artifacts,” 
Parker says.

That still left thousands of objects 
without a home. NASA’s contractors 
never made one of any given item. 
They often made dozens. There were 
prototypes and test versions, and, of 
course, the final products flown to the 
moon. Unopened packs of astronaut 
food and duplicates of bags made of beta 
cloth (a fireproof material developed by 
NASA for space travel) still had value, 
Ary says, but they weren’t heading to 
the nation’s capital. So Ary improvised 
a mutually beneficial solution: He would 
ship these lesser artifacts to his own 
museum. “We can throw them away just 
as easily as you can,” he told NASA and 
the Smithsonian. 



By 1976, Ary had uprooted his 
collection from the Fort Worth 
planetarium and moved to Hutchinson, 
Kansas. There he was busy 
transforming a local museum into the 
Cosmosphere, today a world-class air 
and space museum. Over time, Ary’s 
museum board acquired thousands of 
square feet of storage to house excess 
Space Age artifacts out on the prairie. 
“I’d estimate we probably saved well 
over 100,000 artifacts that would have 
never survived,” Ary says. 

From then on, objects of national 
significance were always passing 
through Hutchinson. Ary had gained 
a reputation for his reassembly and 
restoration skills. When NASA shipped 
a command module simulator by boat, 
the machine took on seawater, causing 
rust. Ary agreed to refurbish it for 
free, provided he could display it at the 
Cosmosphere. “I can remember walking 
into his shop facility,” Parker says, 
“and he had this thing literally laid out 
all over the floor. I was impressed he’d 
taken it all apart like that.” The real 
shock came a few months later: “It was 
all put back together,” Parker says. “It 
looked like it just rolled off the assembly 
line.”

But it seemed like the Cosmosphere’s 
storage unit had been forgotten by 
everyone but Ary. “Some of the stuff 
I had, I had for 30 years,” Ary says. 
“NASA never asked about it. The 
Smithsonian never asked about it.” 
Over time, the lack of interest from the 
government led him to a regrettable 
conclusion: “You just make the 
assumption, well, it’s kind of mine, I 
guess,” Ary says. 

THE SKY COLLAPSED on Ary one night 
in 2003. He got a call from a friend, 
the astronaut Gene Cernan, who was 
the eleventh man to walk on the moon. 
Cernan had some alarming news: The 
FBI had just interviewed him. The topic 
of conversation? Max Ary. 

At the turn of the millennium, the 
sale of space memorabilia was heating 
up. What NASA had considered junk 
just a few decades before was now 
selling for thousands of dollars at 
auction houses and on newly launched 
sites like eBay. A 1999 space sale at 
Christie’s “reset the industry,” says 
Robert Pearlman, founder and editor of 
CollectSPACE, an online clearinghouse 
for all things aerospace history. Lots 
included an equipment locker pried 
from the Apollo 13 command module, 
Gemini-era gloves, and a piece of a 
beta-cloth bag used on the moon. 
What started off as a normal auction, 
Pearlman recalls, quickly turned 
into “somewhat of a stunner.” One 
of Armstrong’s spacesuits, valued at 
$60,000 to $80,000, went for $178,500. 
“Suddenly we realize, everything has 
changed,” Pearlman says.

NASA itself was also undergoing a 
major change. The Apollo program had 
brought thousands of recent college 
graduates together to put a man on 
the moon. That meant by the 1990s, 
thousands of NASA contractors were 
reaching retirement age around the 
same time. “Back then, you had people 
who came in, did their jobs, they didn’t 
worry about all the aftereffects,” Parker 
says of the Apollo program. But when 
a new generation of NASA scientists, 
bureaucrats, and lawyers took charge, 
they had a new attitude: Get a handle on 
the moon rocks, astronaut memorabilia, 
and other space-age artifacts. And fast. 

Gutheinz, the NASA investigator, 
had spent much of the 1990s hunting 
down fraudsters selling fake moondust. 
When he realized just how many real 
moon rocks were missing, he started 
setting up sting operations to recover 
the material. While most of the more 
mundane sales—of manuals and space 
shuttle models—were aboveboard, 
prosecutors were watchful for ill-gotten 
space goods. 

The year before Cernan’s call, in 
2002, Ary had left Hutchinson behind. 
“I had a bucket list,” he says. “I achieved 
all the items on that bucket list.” The 
Cosmosphere’s for-profit subsidiary, 
Space Works, consulted on the 1995 
blockbuster film Apollo 13. The museum 
helped the Discovery Channel pull 
the Liberty Bell 7, a sunken Project 
Mercury–era spacecraft, from the 
depths of the Atlantic Ocean and 
restore it for public display. Ary’s closest 
collaborator, Patty Carey, was in her 
ninth decade. It was time, Ary felt, to 
move on. Now the Cosmosphere and the 
U.S. government were claiming that Ary 
had stolen their property. 

What exactly happened depends 
on who you ask, says Pearlman, who 
documented each development in Ary’s 
case for CollectSPACE readers. When 
Ary left the Cosmosphere, the curator 
who replaced him conducted an audit 
of the museum’s roughly 12,000 pieces. 
The curator noticed that some items 
were missing—about 400 in total, when 
first reported. Some had been loaned for 
the Apollo 13 film and never returned, 
subsequent investigations revealed. 
Others turned up with time. But still 
others had been auctioned online. 

In 1999, court documents show, Ary 
had created two accounts with Superior 
Galleries, an auction house based in Los 
Angeles. One was a personal account, 
and one was an account for the museum. 
This was not in itself illegal; Ary was a 
private collector, and museums buy, sell, 
and trade items from their collections 
all the time. But over the next two years, 
Ary went on to sell a number of items 
through his personal account that didn’t 
technically belong to him, according to 
the U.S. Attorney in Wichita, pursuing 
the case on behalf of NASA. 

Between the items Ary sold online 
and the artifacts recovered by the FBI 
during a raid on his home, about 120 
of the Cosmosphere’s missing objects 
were connected to Ary. Of the ones Ary 
auctioned, two had been loaned to the 
Cosmosphere by NASA: a flown list of 
codes used by the command module 
computer and an Apollo 15 tape.

In April 2005, Ary was indicted 
in federal court on counts of wire 
fraud, mail fraud, theft of government 
property, and interstate transportation 
of stolen property. In court, former 
coworkers, including Louis Parker 
from NASA, were called to testify. That 
November, a jury convicted Ary on 12 
counts and he would later serve two 
years in prison. 

Other collectors of space memorabilia 
got caught in the fray. Pearlman was 
among those who’d unknowingly 
purchased an item at auction that 
courts later determined Ary did not 
have the right to sell. The CollectSPACE 
founder had won a detached spacesuit 
pocket at auction that had been labeled 
as a backup produced for Apollo 16. 
“In the course of the court case, it was 
revealed it actually flew on Apollo 16, so 
I got an incredible deal on it,” Pearlman 
jokes. But after the federal government 
contacted Pearlman, he returned the 
object to the Smithsonian. 

Ary, now 74, maintains his 
innocence. He says the intermingling 
of his personal collection with the 
Cosmosphere’s from the museum’s 
inception, combined with clerical errors 
stretching back to the 1970s, were to 
blame for the confusion. But in the 
minds of NASA’s new guard, Ary says, 
his explanations were worthless. No 
one believed that “these artifacts could 
have been thrown away,” Ary says. It 
didn’t matter, he adds, that “they didn’t 
know the difference between a Mercury 
capsule or a Tylenol capsule.” That part 
of Apollo history—of what transpired 
in Buildings 421 and 422—had already 
been lost. 

Former NASA investigator Joe Gutheinz spent a career 
tracking down lost or stolen moondust; yet he supported 
Nancy Lee Carlson’s appeal to retain the lunar sample 
bag she’d purchased at auction.  

Cassandra Hatton of Sotheby’s readies the Apollo 11 
lunar sample bag for auction in 2017. The bag, which had 
been used by astronaut Neil Armstong to collect the first 
lunar rocks, sold for a record price.

Today Ary is back to work, this 
time as the director of the Stafford 
Air & Space Museum in Weatherford, 
Oklahoma. While he has a startlingly 
quick memory of events long past, 
he still struggles to talk about the 
emotional impact of his legal odyssey 
and two years behind bars. “At the time, 
it didn’t go by very fast,” Ary says. “I 
decided, ‘I have to get this out of my 
mind. I can’t do anything about it.’” 
Now he tries to see it as one chapter 
of an otherwise momentous 55-year 
career. But one man’s worst nightmare 
would soon prove to be another woman’s 
lucky break.

IN MARCH 2015, Nancy Lee Carlson, 
a lawyer with a passion for space 
exploration, scrolled through a Texas-
based auction company catalog. A white 
beta-cloth bag piqued her interest. 
The details were sparse: “One flown 
zippered lunar sample return bag with 
lunar dust (“Lunar Bag”), 11.5 inches; 
tear at center,” the listing read. “Flown 
Mission Unknown.” But, Carlson told 
the Wall Street Journal, she felt that the 
bag “had a story I could figure out.” She 
nabbed it for $995—more than she’d 
ever spent at auction before. (Carlson 
could not be reached for further 
comment.) 

When the bag arrived at Carlson’s 
home in Inverness, Illinois, the 
inside was coated with a sticky 
dust. She decided to ship the bag to 
NASA for further testing. Before she 
sent it off, Carlson had also found a 
part number, clearly labeled inside. 
After a few months of digging, and 
radio silence from NASA, Carlson 
found a corresponding code in the 
Apollo 11 inventory: “V36-788-034 
Decontamination bag, contingency 
lunar SRC.” The story was coming 
together—and it was a good one.

In May 2016, after months of waiting, 
Carlson got the confirmation: Her bag 
indeed contained lunar dust from moon 
rock samples collected during Apollo 
11. And they weren’t just any sample.
The specific geology of the rocks, along
with the part number, suggested that
her bag was the one Armstrong used
to collect the first-ever samples of the
moon. The hidden gem had been among
Max Ary’s assets seized by the U.S.
Marshals Service. It was mistakenly
auctioned off to pay for Ary’s court-
ordered restitution to previous buyers
like Pearlman.

The news came from a surprising 
source. Instead of NASA’s moon rock 
laboratory, Carlson heard from the 
District Attorney in Kansas. NASA had 
asked the court to revoke the results of 
the auction. The agency claimed that 
it was the rightful owner of the bag, 
along with the moondust inside. The 
government was willing to give Carlson 
$995 for her trouble. So Carlson decided 
to sue the U.S. government. 

ARY SAYS HE never knew the value of 
the bag. NASA claims to have lent the 
bag to the Cosmosphere in 1981, but 
the agency was not able to find a loan 
agreement. Ary thinks it’s more likely 
he picked it up in the 1970s when he 
was routinely sorting objects at Johnson 
Space Center. 

In those days, cloth bags were so 
commonplace that NASA shipped 
some of its artifacts with the bags as 
packing material, Ary recalls. “You had 
enough bags to cover the earth,” he says. 
“You didn’t even look at them after a 
while.” In hindsight, Ary believes this 
particular bag looked so worn that he 
probably planned to cut it up into scraps 
for students to touch, as he often did 
with spare beta cloth. “Probably the 
most interesting thing about that bag 
was how uninteresting it was,” he says. 

In 2006, the London-based auction house Bonhams was 
set to sell a vial of moondust from the Apollo landing, 
expecting the item to fetch between $500 and $700. It 
canceled the auction, however, after learning the dust 
belonged to the U.S. government.

Fortunately, Ary never got around 
to slicing and dicing. Instead, the bag 
entered into the Cosmosphere’s records 
in the early 1980s with a description 
similar to the one offered by the auction 
house: “Lunar Sample Return Bag, 
Flown Mission Unknown.” Its value was 
estimated at $15. When Ary left for a 
new job, the bag somehow ended up with 
him. 

Now that NASA knew the true 
value of the worn-out beta cloth, 
the agency was desperate to keep it. 
“This artifact was never meant to 
be owned by an individual,” NASA 
spokesperson William Jeffs said in a 
2017 statement. It had both scientific 
and historical significance and had 
been sold to Carlson by accident. 
NASA wasn’t wrong: Proper procedure 
dictated that the U.S. Marshals work 
with NASA to identify anything the 
government wanted among Ary’s 
personal possessions before auctioning 
them off. And there was precedent 
for seizing other lunar samples that 
entered the market, like Gutheinz and 
his Honduran goodwill moon rock sting 
operation. 

To everyone’s surprise, Gutheinz, 
now retired from NASA, ended up 
supporting Carlson’s case. “I’m guilty 
as probably anyone else at NASA, 
because my gut-level first reaction to 
this was, ‘This isn’t her property. This 
is a national treasure,’” Gutheinz says. 
But he looked deeper and determined 
the fault was with the U.S. Marshals, 
for not clearing the sale with NASA. 
Once they’d made their error, the sale 
to a private citizen was perfectly legal. 
“I do not believe in private ownership,” 
Gutheinz says, “except for Nancy Lee 
Carlson.” 

A U.S. district court agreed. In 2016, 
after a yearlong court battle, a federal 
judge ruled that NASA must return 
the bag to Carlson. In 2019, Carlson 
sold it at auction for $1.8 million. 
“This is my Mona Lisa moment,” 
Cassandra Hatton, an expert with 
Sotheby’s auction house, has said. But 
NASA never returned the moondust 
test samples from inside the bag, so 
Carlson sued NASA once more. She won 
again and quickly set about selling this 
artifact, too.

To find a buyer, Carlson now turned 
to Bonhams. The international auction 
house has dealt in art, antiquities, and 
rare books, as well as artifacts from the 
history of science and technology, since 
the 18th century. Adam Stackhouse, 
a specialist at Bonhams, knew that 
Carlson had something special on her 
hands. “You hold it and it just really 
transports you to that moment,” he 
says. It was like holding the moon 
landing in your hands. But the story was 
mostly in the holder’s head.

To collect the dust for testing, NASA 
scientists had scoured the interior of 
the lunar sample bag with carbon tape, 
going so far as to rip the bag open at the 
seams for better access to the invisible 
grains. Then they affixed the black 
strips to aluminum discs and analyzed 
them under a scanning electron 
microscope. When the electrons hit 
the atoms in the moondust, it created 
a black-and-white image of the lunar 
sample’s topography. Cool—but 
invisible to the naked eye.

What really enticed prospective 
buyers to line up or log on to the hybrid 
auction in April 2022 was that Carlson’s 
sample had a one-of-a-kind provenance. 
In previous cases where moon samples 
had fallen into private hands, NASA 
had successfully reclaimed the rocks 
or dust. Carlson’s sample was different. 
“It was NASA verified,” Stackhouse 
says. “It was legal to sell.” It was, for 
now, most buyers’ only hope of owning 
a piece of the moon. In the end, the 
specks sold for just over $500,000. 

SPACE-AGE SALES skyrocketed in the 
1990s, and they’ve never fallen back 
to Earth. As with art or antiques, 
collectors see the value in NASA-
originated artifacts. But the way they 
show their care can vary widely: Some 
collectors protect objects overlooked 
by museums, while others find ways to 
share their belongings with the world. 
Still others keep things for themselves.

To date, the collector (or collectors) 
who purchased Armstrong’s bag and the 
moondust inside has chosen to remain 
anonymous. They have not elected to 
loan their objects out to a museum, 
either. Space enthusiasts like Pearlman 
can only speculate about the fate of 
the artifacts. Perhaps the objects are 
displayed in a wealthy person’s home, 
he says. Or secured in a vault like any 
other asset, and not enjoyed by anyone. 
They are all perfectly valid choices, 
Pearlman says, but the anonymity eats 
at him. “I would just like to have some 
public accountability so it’s not lost to 
history—again,” he says. 

As new countries set their sights 
on the moon, including Japan, South 
Korea, Russia, India, and the United 
Arab Emirates, questions of ownership 
become even more complicated. How will 
other space agencies choose to handle 
their moon rocks? What will the United 
States, which plans to land a woman 
and a person of color on the moon in 
the Artemis program, do differently 
this time? And what lengths will people 
continue to go to in order to get their 
hands on a piece of the moon? 
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Inside the 
Final Fiery 
Minutes of 
the East 
Palestine 
Train Wreck
The train had traveled 
for 40 minutes with 
flames billowing from 
its sides before its 
crew knew something was 
wrong.
BY STEPHEN WITT

O
N THE FRIGID evening of 
Friday, February 3, 2023, 
at around 8:50 p.m., a 
Norfolk Southern freight 
train measuring more than 
a mile and three quarters 
long snaked its way through 

the town of East Palestine, Ohio. The 
train consisted of 149 cars, pulled by 
three locomotives—two at the front, 
one in the middle—and traveled just 
under 50 miles per hour. Of those 149 
cars, 20 were tankers labeled with 
hazardous-materials placards. Several 
of the tankers contained liquefied 
vinyl chloride gas, the combustible and 
carcinogenic precursor material for 
PVC pipe; others contained ethylene 
glycol, a toxic ingredient in antifreeze. 
Driving the lead locomotive was Tony 
Faison, the train’s engineer; with him 
were the train’s conductor and a trainee.

Engineers chart their progress by 
designated mile markers along the 
track. About twenty minutes earlier, 
the train had crossed mile marker 69.0, 
just east of Salem, Ohio. While crossing 
that spot, an infrared sensor built into 
the track called a “hotbox detector” 
had reported elevated temperatures 
on one of the front axles of the twenty-
third railcar. The ambient temperature 
that night was 10 degrees Fahrenheit. 
The bearings on the axle had reached 
an abnormally hot temperature of 103. 
The car, a hopper designed to hold 
commodities like grain, wasn’t carrying 
hazardous materials, but the hotbox 
detector relayed an alert to Norfolk 
Southern’s Atlanta command center all 
the same. No further action was taken.

As the train left East Palestine, 
it approached Ohio’s border with 
Pennsylvania, passing within a few 
hundred feet of the State Line Tavern, 
a local watering hole. There, at 8:55 
p.m., it crossed mile marker 49.8. As 
the twenty-third car crossed the next 
hotbox detector, the infrared sensors 
revealed that the temperature of the 
axle’s bearings had risen sharply, to 
over 250 degrees. Faison immediately 
received an audio message from the 
locomotive’s onboard computer to stop 
the train. He reacted quickly to apply 
the brakes, but it was too late. He didn’t 
know it, but for the previous forty 
minutes, his train had been on fire. 

The train took more than a thousand 
feet to come to a stop. As it did, the 
compromised axle gave way. The left-
side journal box, which held the axle in 
place, broke off and landed on one side 
of the track; the wheelset, consisting of 
the axle with two steel wheels mounted 
at both ends, ended up on the other. 
The twenty-third car jumped the rail, 
and the cars behind it followed suit, 
creating a tremendous series of crashes 
that could be heard throughout town. 
Thirty-eight railcars piled up, including 
eleven of the hazmat tankers. 

Faison leaped from the locomotive 
to inspect the damage. From his 
standpoint at the front of the train, he 
could see flames rising into the night. 
He immediately contacted 911. So did 
many of the town’s residents, reporting 
both the train crash and the fire. One 
thought a gas station had exploded. 

In the next few hours, the toxic 
flames would force an evacuation of 
the town. The specter of chemical 
poisoning lingered over East Palestine 
for months. And even today, the 
question of how a system of detectors—
expressly designed to prevent this 
kind of derailment—failed to notice 
a dangerously overheated train axle 
remains unanswered.

IN THE MINUTES after the derailment, 
first responders rushed to the blaze, 
but they were initially underequipped. 
Serving a town of fewer than five 
thousand people, the East Palestine fire 
department was a mostly volunteer 
force. The sole professional on staff 
was Chief Keith Drabick, who on that 
night was almost three hundred miles 
away, driving through Pennsylvania 
on vacation. Informed of the crash 
at 9 p.m., Drabick turned his car 
around and drove straight back to East 
Palestine, but he didn’t arrive until five 
hours later. For the first few minutes, 
volunteers had to fight the blaze alone. 
Meanwhile, following protocol, Faison 
cut the first two locomotives from the 
train and moved them a mile down the 
track. In the confusion that followed, 
some firefighters seemed unaware they 
were responding to a hazmat site and 
reported to citizens that the burning 
train cars were carrying only malt 
liquor.

Some of the train cars were carrying 
malt liquor, but others contained 
stronger stuff. As the scope of the 
disaster slowly became clear, the 
volunteers were joined by professional 
firefighting crews from nearby counties, 
including a special hazmat squad. At 
9:45 p.m., concerned about the risks 
of a vinyl chloride explosion as well as 
the toxic cocktail of flaming chemicals 
escaping into the night, officials began 
evacuating nearby homes. Meanwhile, 
some of the contents of the leaking 
tankers began seeping into nearby 
Sulphur Run, a stream that flowed 
directly from the crash site through the 
center of town.

Even before the official order, citizens 
had started to evacuate. East Palestine 
resident Jami Wallace had learned 
of the train wreck from her mother. 
Wallace, a human resources manager 
in her forties, had recently gotten 
engaged. She called her fiancé, who was 
with a friend at the State Line Tavern. 
Driving past the burning crash site, he 
raced home to collect Wallace and their 
three-year-old daughter. “Grabbed her a 
couple of changes of clothes and out the 
door we went,” she told me. “We didn’t 
even know where we were going. It was 
the middle of winter and the heater was 
broken in the car.”

After an hour and a half of 
firefighting, the Ohio State Police 
expanded the evacuation zone to one 
mile surrounding the derailment site. 
Around midnight, still fearing an 
explosion, the firefighters retreated. 
They then began to survey the 
crash site with aerial drones, in an 
attempt to determine which specific 
chemicals were leaking. The survey 
was challenging: The site was, well, a 
train wreck, and some of the plastic 
hazardous-materials placards had 
melted in the fire. 

Eventually, responders determined 
that three hazmat cars had been 
physically breached. One contained 
ethylene glycol, the antifreeze 
ingredient, which can be lethal in 
concentrated doses. The other two 
contained acrylates, used as base 
ingredients in adhesives and paint. 
All three materials were burning off, 
releasing volatile organic compounds 
into the air. The fire was additionally 
fueled by nonhazardous but flammable 
railcar cargo, including several tankers 
loaded with petroleum lubricants. For 
days to come, an ominous toxic cloud 
hung suspended over the site. “You 
know how smoke, like, moves through 
the sky? Yeah, this wasn’t moving 
anywhere,” Wallace said. “It was 
almost like a green cloud that was, like, 
hovering.”

When the Norfolk Southern freight train derailed in East 
Palestine, Ohio, 38 cars piled up, including eleven tankers 
carrying hazardous materials. 

Initially, none of the vinyl chloride 
tankers were breached. (If they had 
been, a series of explosions might have 
occurred, and the cancer-causing 
chemical could have rained down on 
the town.) Still, five vinyl chloride 
tankers, containing more than 115,000 
gallons of vinyl chloride in total, had 
piled up in the burn zone. Each tanker 
had an emergency pressure release 
valve designed to vent gas into the 
atmosphere. Over the next few days, 
as temperatures rose inside the tanks, 
these valves automatically opened and 
closed, periodically releasing excess 
vinyl chloride gas into air—where 
it immediately caught fire. In one 
extraordinary display on the evening of 
Saturday, February 4, one of the tanker 
valves vented for seventy continuous 
minutes, creating a spectacular 
flamethrower. 

With the crash site cordoned off 
and the tankers burping flames, 
officials deliberated on what to do. 
One worry was that the release valves 
on the tankers were starting to suffer 
thermal damage. Another was that the 
vinyl chloride inside the tanks might 
“polymerize,” forming into chains of 
PVC, which might cause the valves 
to stick, sealing the pressure in and 
causing the tankers to blow.

From the outside, the hazmat experts 
couldn’t be sure if polymerization was 
occurring. Eventually they settled 
on two options. One option was to 
deliberately puncture the tanks and 
conduct a controlled burn of the vinyl 
chloride gas. The other option was to 
wait it out and hope the tanks cooled 
down enough so they wouldn’t explode. 
Chief Drabick was presented with this 
devil’s bargain: Wait, and potentially 
watch the exploding tanks rain 
shrapnel and poisonous chemicals on 
his town, or release mass quantities 
of vinyl chloride—a known Group A 
carcinogen—into the atmosphere. “I 
was given thirteen minutes to make a 
decision,” Drabick told investigators 
from the National Transportation 
Safety Board (NTSB), the federal agency 
reponsible for investigating the wreck.

After consulting with his chief 
officers, Drabick chose to vent and burn. 
Following an expanded evacuation 
order, specialists attached explosive 
charges to the exteriors of five damaged 
tanker cars. At 4:37 p.m. on February 
6, the charges were detonated, sending 
twin columns of flaming vinyl chloride 
gas high into the air and obscuring the 
setting sun with thick, black smoke. 
The burn continued through the 
following day; it was not until February 
8, five days after the axle on train car 23 
had first started to burn, that the fire 
was fully put out.

Toxic chemicals poured from the burning train cars, 
causing an environmental disaster. The area was placed 
under a state of emergency, and thousands of residents 
were ordered to evacuate.

U.S. Secretary of Transportation Pete Buttigieg (second 
from left) visits with Department of Transportation 
investigators at the crash site in Ohio. 

EAST PALESTINE SOON found itself 
host to another kind of toxic 
cocktail, one consisting of corporate 
communications specialists, 
blustering public officials, government 
bureaucrats, and enterprising class-
action attorneys. Complementing 
this splendid company were the more 
respectable representatives of the 
NTSB. Leading the agency’s efforts was 
Ruben Payan, an NTSB veteran with 
a heavy build, a thick mustache, and 
a calm and measured voice. Under his 
patient command, the NTSB began 
a thorough investigation of the crash 
site and the events leading up to the 
derailment. 

The agency published the first 
investigation update to its website in 
March 2023. And then on June 22, 
Payan presented his preliminary results 
at a public meeting in East Palestine. (It 
was the first onsite NTSB meeting in six 
years.) Using security camera footage 
collected from homes and businesses 
adjacent to the tracks, Payan was able 
to present a detailed videography of 
the train’s final minutes. Between the 
towns of Sebring and East Palestine, 
more than a dozen surveillance cameras 
had captured the train in motion; in 
ten of those camera feeds, the train was 
plainly on fire. In true-color camera 
feeds, the lower axle of the twenty-
third car glowed a dull orange color; 
in infrared camera feeds, it blazed an 
intense white, throwing visible sparks.

The first two cameras to show the 
fire were in Salem, Ohio, some 26 
miles west of East Palestine. The train 
passed the first camera at 8:11 p.m., 44 
minutes before the derailment. That 
camera, which overlooked an alley of 
snow-covered cars, caught the train in 
the far background, its axle glowing 
orange. The camera was located six 
miles in front of the Salem hotbox 
detector—the one that had sent an alert 
to Atlanta but did not stop the train.

How had the Salem hotbox detector 
missed the fire? The cameras clearly 
showed flames and sparks along the 
length of the bottom of the twenty-third 
car, but when that same car crossed 
the hotbox detector 10 minutes later, 
infrared sensors registered the bearing 
temperatures at only 103 degrees. 
This wasn’t a case of a sputtering fire 
that started and stopped, either—the 
cameras along the route showed a steady 
blaze. The NTSB declined to comment 
for this story, citing the pending results 
of the final investigation. Norfolk 
Southern declined to comment as well. 

I put the question to David Farwick, 
a veteran engineer who commanded 
trains in Ohio for Norfolk Southern 
for nearly 40 years. He told me that 
Norfolk Southern’s systems were well 
maintained and up to date. “Those 
hotbox detectors, they’re pretty 
sensitive,” he said. “It’s not like we 
were working with 1960s stuff. They 
were pretty good.” The detectors are 
positioned among the crossties on the 
track and use infrared sensors to scan 
the undercarriage of the train. More 
than 6,000 are deployed across North 
America. The sensors on the hotbox 
detectors line up directly with the roller 
bearings. Farwick seemed flabbergasted 
that a flaming train had crossed a 
detector and not tripped an immediate 
brake alert. “It blows my mind,” he said. 

Regulators have also grown 
concerned in recent years about how 
long the trains are getting. Farwick 
told me trains are growing so long 
that engineers have trouble seeing 
the backs of them, even on a curve. 
I asked him whether the train crew 
would have known they were carrying 
hazardous materials. “Absolutely,” 
he said. Farwick explained that the 
conductor on each train carries a bound 
paper manifest of the train’s cargo 
known as a “consist.” In the event of a 
derailment or crash, a hard copy of this 
consist is to be immediately delivered 
to first responders. But Drabick, when 
questioned by NTSB investigators, 
said his firefighters never received 
the consist directly from the Norfolk 
Southern train crew: “I do not believe 
that we had any contact with those 
individuals,” he said. Drabick was only 
fully informed of the train’s hazardous 
contents when he arrived on site hours 
later.

Hotbox detectors, like the one above, are designed to 
notice overheated train bearings. Since the early 1980s, 
train derailments in North America have fallen from 
over 7,000 annually to just over 1,000, due in part to the 
devices.

The other looming question about 
the crash involves the degree of 
environmental poisoning East Palestine 
has suffered. In the months following 
the vent and burn of vinyl chloride gas, 
Environmental Protection Agency 
personnel repeatedly visited the 
town and surrounding areas to take 
soil samples. Per the EPA’s website, 
“the sample results indicate that 
impacts from the smoke and soot were 
minimal.” The EPA has also monitored 
the health of the town’s waterways. 
In the aftermath of the disaster, the 
agency recorded more than 40,000 
dead fish and aquatic animals in the 
Sulphur Run creek adjacent to the 
derailment and burn site. While the 
agency claims that the creek “has not 
shown any contaminants at levels that 
exceed health standards since May 1,” it 
continues to maintain “Keep Out” signs 
posted around Sulphur Run. 

East Palestine is immediately 
downstream of the crash site, and 
many local residents believe the creek 
has delivered poison into their homes. 
Two days after the derailment, Wallace 
returned to her evacuated residence to 
pick up some medication. “As soon as I 
pulled into my driveway, it hit me in the 
face—I started coughing ... until, like, 
I can’t breathe,” she said. “I look over 
because I know it’s the creek. I look over, 
and I see these chemicals free-floating 
down.” 

Wallace told me water from the creek 
regularly seeps into the basement of 
her residence, and that she has since 
relocated. She has pushed for the EPA 
to start indoor monitoring in East 
Palestine homes; so far, the agency 
has declined. In any case, the damages 
Norfolk Southern owes the town are 
substantial. In June, Norfolk Southern 
announced that cleanup costs and 
injury compensation settlements 
related to East Palestine would cost the 
company nearly $1 billion, though it 
anticipated that much of that cost would 
be covered by insurance.

IN A STATEMENT a couple of weeks after 
the crash, Jennifer Homendy, the chair 
of the NTSB, described the accident as 
“100 percent preventable,” but didn’t 
offer specifics. She was likely referring 
to the “hot axle” phenomenon. Train 
axles use ring-shaped bearings that 
keep the axle secure while permitting it 
and the wheels to rotate. A skateboard’s 
wheels rotate using lubricated ball 
bearings inside the wheels. Train cars 
instead use cylindrical roller bearings, 
which make contact with the axle, 
permitting easy rotation.

As of December 2023, the NTSB has 
not yet made a final determination, 
but multiple experts I talked with told 
me that they believed a failed roller 
bearing was the most likely cause of the 
East Palestine derailment. About two 
dozen trains derail this way in North 
America every year. Bearings can fail 
for any number of reasons, including 
insufficient lubrication, contamination, 
overloading, and, simply, age. Once a 
bearing fails, the axle begins to grind 
against the metal, and this friction 
causes a rapid rise in temperature; this 
was potentially the source of the fire. 
“Bearings do break down, but that’s 
the reason why you get these detectors, 
right?” Farwick said. “That’s exactly 
what these things are supposed to 
prevent.”

The roller bearings on train axles 
are sealed inside the wheel and can’t 
readily be accessed. A faulty one 
can easily escape visual detection. 
Hotbox detectors, by using infrared 
temperature sensors to monitor the 
bearings in motion, offer a second layer 
of protection. Generally speaking, 
they work. Since the early 1980s, train 
derailments in North America have 
fallen from over 7,000 annually to just 



over 1,000, in part because of hotbox 
detectors. 

The place to catch the failed roller 
bearing was not in East Palestine, but 
20 miles west, in Salem, Ohio, where 
the train had crossed a detector 30 
minutes before the derailment. That 
detector had recorded temperatures 93 
degrees above the outside environment 
and sent a noncritical signal to Norfolk 
Southern central command in Atlanta. 
Whether dispatchers in Atlanta relayed 
this warning to the train crew remains 
unclear; the NTSB has yet to publish 
transcripts from the train’s black box 
recorder, and Norfolk Southern has 
refused to discuss the details of the 
accident. 

Perhaps it is worth noting that in 
the days before the derailment, the 
East Palestine train had already been 
delayed twice by stops for unrelated 
mechanical issues. 

In March, the NTSB opened a probe 
into Norfolk Southern’s safety culture. 
Regulators were concerned not only 
by the East Palestine derailment, 
but also two other Ohio derailments 
in the surrounding months, as well 
as separate incidents in which three 
railroad workers on Norfolk Southern 
lines were killed in a span of sixteen 
months, starting in December of 
2021. In a statement announcing the 
investigation, the NTSB urged Norfolk 
Southern “to take immediate action 
today to review and assess its safety 
practices.” 

This October, Norfolk Southern 
unveiled a new layer of protection: giant 
metal sheds, festooned with cameras, 
that each train will pass through at 
various points on its journey. The 
shed is described as a “portal,” and 
its cameras take an average of 1,000 
images per railcar, and send those 
images to an AI data center. Deep-
learning algorithms are then employed 
to spot problems that track detectors 
and overworked railcar mechanics 
cannot. 

Following the derailment, 
legislators introduced the bipartisan 
Railway Safety Act of 2023, which 
proposed decreasing the required 
distance between hotbox detectors 
to fifteen miles, from an average of 
25 miles today. The legislation is well 
intended, but it’s not clear if it would 
have prevented the East Palestine 
derailment: On that track, the hotbox 
detectors were an average of 16.7 miles 
apart. Closing the distance to fifteen 
miles wouldn’t necessarily help. 

The most striking revelation from 
the NTSB’s preliminary findings was 
the sheer number of camera feeds that 
had captured the train car on fire. It 
costs about $200,000 to install a hotbox 
detector, and critics have estimated 
the cost of compliance for the Railroad 
Safety Act at up to $2 billion. Perhaps 
wireless video cameras could permit 
dispatchers and AI to regularly monitor 
the status of the cars, and would give 
engineers better visibility to the back of 
the trains. 

Finally, there’s still the problem of 
the toxic derailment site. It remains 
a hazard zone, and the nearby State 
Line Tavern remains closed. Under the 
guidance of the EPA, much of the topsoil 
near ground zero was excavated. The 
soil was supposed to be shipped to a 
hazardous waste facility in Oklahoma, 
but that state’s governor, Kevin Stitt, 
blocked the plan in March. Similarly, 
the contaminated water from Sulphur 
Run was drained. The water was 
supposed to be sent to a treatment 
facility in Baltimore, but that fell 
through too. For now, the poisoned water 
and soil remain at the derailment site. 
“They have these big Shamu tanks,” 
Wallace said. “They each hold, like, 100 
million gallons of water.” Wallace said 
a neighbor had flown a drone over the 
tanks, and seen the chemical sheen on 
top. Nearby, the toxic dirt has been piled 
into giant mounds, and covered with 
tarps. It’s still there. 
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PUT SIMPLY, THE 
BRAIN IS NOT TOO 
WARM OR WET FOR 
CONSCIOUSNESS 
TO EXIST AS 
A WAVE THAT 

CONNECTS WITH THE 
UNIVERSE.
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The Lorenz attractor is a set of chaotic solutions of the 
Lorenz system that, when plotted, resemble a butterfly 
or figure eight. Most people know it as the butterfly 
effect, and it’s one way to help explain chaos.

W
HEN PEOPLE TALK

about consciousness, 
or the mind, the 
context almost always 
seems a bit nebulous. 
Whether we create 
consciousness in our 

brain as a function of our neurons firing 
or it exists independently of us, there’s 
no universally accepted scientific 
explanation for where consciousness 
comes from or where it lives. However, 
new research on the physics, anatomy, 
and geometry of this mysterious 
notion has begun to reveal its possible 
form. In other words, we may soon be 
able to identify a true architecture of 
consciousness.

The new work builds upon a 
theory that Nobel Prize–winning 
physicist Roger Penrose, PhD, and 
anesthesiologist Stuart Hameroff, MD, 
first posited in the 1990s, known as 
the Orchestrated Objective Reduction 
theory, or Orch OR. Broadly, it claims 
that consciousness is a quantum 
process facilitated by microtubules in 
the brain’s nerve cells.

KNOW YOUR TERMS: 
MICROTUBULES
These are tubes made of 
protein lattices, and they 
form part of the cell’s 
cytoskeleton, which is its 
structural network.

Penrose and Hameroff suggested 
that consciousness is a quantum wave 
that passes through these microtubules. 
And that like every quantum wave, it 
has properties like superposition (the 
ability to be in many places at the same 
time) and entanglement (the potential 
for two particles that are very far away 
to be connected).

Plenty of experts have questioned 
the validity of the Orch OR theory. This 
is the story of the scientists working to 
revive it.

ACROSS THE UNIVERSE

To explain quantum consciousness, 
Hameroff recently said that it doesn’t 
have a defined physical size. He 
compared it to a fractal—a never-
ending pattern that can be very tiny or 
very huge and still maintain the same 
properties at any scale. Normal states 
of consciousness might be what we 
consider quite ordinary—knowing you 
exist, for example. But when you have 
a heightened state of consciousness, 
Hameroff explains, it’s because 
you’re dealing with quantum-level 
consciousness that is capable of being 
in all places at the same time. That 
means your consciousness can connect 
or entangle with quantum particles 
outside of your brain—anywhere in the 
universe, theoretically.

Until recently, scientists could easily 
discard this theory. Efforts to recreate 
quantum coherence—keeping quantum 
particles as part of a wave instead 
of breaking down into discrete and 
measurable particles—worked only in 
very cold, controlled environments. 
When quantum particles were taken 
out of that environment, the wave 
broke down, leaving behind isolated 
particles. The brain isn’t cold and 
controlled; it’s quite warm and wet 
and mushy. Therefore, the thinking 
went, consciousness couldn’t remain 
in superposition in the brain. Particles 
in the brain couldn’t connect with the 
universe.

But then came discoveries in 
quantum biology. As it turns out, living 
things use quantum properties even 
though they’re not cold and controlled.

KNOW YOUR TERMS:  
QUANTUM BIOLOGY
This is the study of 
quantum processes in 
living organisms, like 
superposition and 
quantum entanglement, 
that actually facilitate 
biological processes 
beyond the subatomic level. 

In photosynthesis, for example, 
plants use chlorophyll in a process that 
stores the energy from a photon, or a 
quantum particle of light. The light 
hitting the plant causes the formation 
of something called an exciton, which 
carries the energy to where it is stored 
in the plant’s reaction center. But to 
get there, it has to navigate structures 
in the plant—sort of like navigating an 
unfamiliar neighborhood en route to 
a dentist appointment—and it has to 
complete the trip before it burns all the 
energy it’s carrying. To find the correct 
path, scientists now say the exciton tries 
all possible paths simultaneously. That’s 
superposition.

New evidence suggests that 
microtubules in our brain may be even 
better than chlorophyll at maintaining 
this quantum coherence. One of the 
scientists who worked with the Orch 
OR team, physicist and oncology 
professor Jack Tuszynski, PhD, recently 
conducted an experiment with a 
computational model of a microtubule. 
His team simulated shining a light into 
a microtubule, sort of like a photon 
sending an exciton through a plant 
structure. If the light lasted long enough 
before being emitted—a fraction of a 
second was enough—it would indicate 
quantum coherence.

Specifically, Tuszynski’s team 
simulated sending tryptophan 
fluorescence, or ultraviolet light photons 
that are not visible to the human eye, 
into microtubules. After conducting 
the experiment 22 times, Tuszynski 
reported that the excitations from the 
tryptophan created quantum reactions 
that lasted up to five nanoseconds. 
That is thousands of times longer than 
some had expected coherence to last 
in a microtubule. It’s also more than 
long enough to perform the biological 
functions required. “So we are actually 
confident that this process is longer 
lasting in tubulin than…in chlorophyll,” 
he says. The team published their 
findings in the journal ACS Central 
Science earlier this year.

Tuszynski draws on similar 
experiments performed by scientists at 
the University of Central Florida, who 
have been illuminating microtubules 
with visible light. In those experiments, 
Tuszynski says, researchers observed 
re-emission of this light over hundreds 
of milliseconds to seconds—a typical 
human response time to stimulus. 
Shining the light into microtubules and 
measuring how long the microtubules 
take to emit that light “is a proxy for 
the stability of certain…postulated 
quantum states,” he says. “That is 
kind of key to the theory that these 
microtubules may be having coherent 
quantum superpositions that may be 
associated with mind or consciousness.” 
Put simply, the brain may not be too 
warm or wet for consciousness to 
exist as a wave that connects with the 
universe.

While these experiments are a long 
way from proving the Orch OR theory, 
they do offer significant and promising 
data. Meanwhile, Penrose and Hameroff 
continue to push the boundaries of the 
theory, partnering with people such as 
author and influencer Deepak Chopra 
to explore expressions of consciousness 
in the universe that they might be 
able to identify in the lab using their 
microtubule experiments. This sort 
of thing makes many scientists very 
uncomfortable.

Still, other researchers are exploring 
what the architecture of such a 
universal consciousness might look like. 
One of the more compelling ideas comes 
from the study of weather.

The Architecture of 
Universal Consciousness

Timothy Palmer, PhD, is a 
mathematical physicist at Oxford who 
specializes in chaos theory and the 
climate. (He’s also a big fan of Roger 
Penrose.) Palmer believes that the 
laws of physics must be fundamentally 
geometric, and he uses the Invariant 
Set Theory to explain how the quantum 
world works. Among other things, it 
suggests that quantum consciousness 
is the result of the universe operating 
in a particular fractal geometry 
“state space.” State space, essentially, 
represents the possible configurations 
in any system. 

That’s a lot to digest, but it roughly 
means we’re stuck in a lane or route of 
a cosmic fractal shape that is shared 
by other realities that are also stuck in 
their trajectories. This notion appears 
in the final chapter of Palmer’s book 
The Primacy of Doubt: How the Science 
of Uncertainty Can Help Us Understand 
Our Chaotic World. In it, he suggests 
the possibility that our experience 
of free will—of having the option to 
choose our life, as well as our perception 
that there is a consciousness outside 
ourself—is the result of awareness of 
other universes that share our state 
space. 

The idea starts with a special 
geometry called a strange attractor. You 
may have heard of the butterfly effect, 
the idea that the flap of a butterfly’s 
wing in one part of the world could 
affect a hurricane in another part of 
the world. The term actually refers to 
a more complex concept developed by 
the mathematician and meteorologist 
Edward Lorenz in 1963. Lorenz was 
trying to simplify the equations used 
to predict how a particular climate 
condition might evolve. He narrowed 
it down to three differential equations 
that could be used to identify the “state 
space” of a particular weather system. 
For example, if you had a particular 
temperature, wind direction, and 
humidity level, what would happen 
next? He began to plot the trajectory 
of weather systems by plugging in 
different initial conditions into the 
equations.

Scientists 
Believe They’ve 
Unlocked 
Consciousness— 
and It Connects 
to the Entire 
Universe
It’s just a simple 
quantum wave that 
can interact with 
everything that’s ever 
existed.
BY SUSAN LAHEY

He found that if initial conditions 
were different by a hundredth of a 
percent, if the humidity were just a 
fraction higher, or the temperature 
a hair lower, the trajectories—what 
happens next—could be wildly 
different. In the graph, one trajectory 
might shoot off in one direction, 
forming loops and spins seemingly 
at random, while another creates 
completely different shapes in the 
opposite direction. But once Lorenz 
started to plot them, he found that 
many of the trajectories wound up 
circulating within the boundaries of a 
particular geometric shape known as a 
strange attractor. It was as if they were 
cars on a track: The cars might go in 
any number of directions so long as they 
didn’t drive it the same way twice and 
they stayed on the track. The plot, now 
called the Lorenz attractor, actually 
looks like a pair of butterfly wings.

Palmer believes that our universe 
may be just one trajectory, one car, on a 
cosmological state space like the Lorenz 
attractor. When we imagine “what 
if” scenarios, we’re actually getting 
information about versions of ourselves 
in other universes who are also 
navigating the same strange attractor—
others’ “cars” on the track, he explains. 
This also accounts for our sense of 
consciousness, of free will, and of being 
connected with a greater universe.

“I would at least hypothesize that it 
may well be the case that it’s evolving 
on very special fractal subsets of all 
conceivable states in state space,” 
Palmer tells Popular Mechanics. If his 
ideas are correct, he says, “then we need 
to look at the structure of the universe 
on its very largest scales, because these 
attractors are really telling us about 
a kind of holistic geometry for the 
universe.”

Tuszynksi’s experiment and 
Palmer’s theory still don’t tell us what 
consciousness is, but perhaps they 
tell us where consciousness lives—
what kind of a structure houses it. 
That means it’s not just an ethereal, 
disembodied concept. If consciousness 
is housed somewhere, even if that 
somewhere is a complicated state space, 
we can find it. And that’s a start. 



America’s 
Newest 
Bomber Will 
Rule the 
Skies
Nothing from China 
or Russia can top the 
stealthy B-21.  
BY ERIC ADAMS

S
OON AFTER RUSSIA began its 
invasion of Ukraine in early 
2022, a collection of short 
videos emerged on social 
media: camera views from 
aboard small consumer 
drones that were carefully—

almost casually—dropping mortars 
into the open hatches of Russian tanks, 
with devastatingly effective results. 
The tactic signaled both a new age of 
precision bombing and a new age of 
improvised delivery of explosives. In 
other words, it was business as usual for 
those in the business of innovating the 
bombing of thine enemies. 

Indeed, world militaries have 
developed a wide variety of ways 
to sling explosives at one another, 
from the rudimentary, like hand-
tossed grenades, to the clever, like the 
Ukrainian adaptation of consumer 
drones, to billion-dollar aircraft flying 
on daylong missions, invisible to enemy 
radar as they deliver GPS-guided 
explosives straight into underground 
bunkers. Long-range bombers, flying 
high and surveilling the entire combat 
theater, can inspire awe and fear. And 
the ultraprecise guidance systems 
affixed to their munitions eliminates 
the need to carpet-bomb entire cities, 
which had characterized their early use.

While pretty much any kind of 
aircraft can be outfitted to drop bombs, 
aircraft dedicated to that specific 
mission are staggeringly impressive 
feats of technology. Far from being 
clumsy behemoths, they bring leaps 
in performance and capability, and 
some include the most advanced 
aerodynamic and stealth innovations, 
making them highly effective.

Peter Singer, a military analyst and 
senior fellow with the New America 
think tank, says people—“including 
many within the military”—sometimes 
fail to recognize the value of bombers 
beyond their traditional bomb-dropping 
roles. 

Singer says the weapons systems 
with the most longevity are those 
that can adapt to shifting priorities, 
such as stealth over speed, and new 
tactical strategies. “It is their range and 
carrying capacity that differentiates 
them,” he says, “and their ability to take 
on new, added roles that range from 
electronic warfare to managing swarms 
of small drones to even potentially air-
to-air missions.”

Also, they’re big and loud, and will 
send a shiver down your spine if you 
witness one take off in person. 

Of course, alternative tactics exist 
for these systems—intercontinental 
ballistic missiles can deliver nuclear 
warheads to targets from thousands 
of miles away, and smaller rockets can 
be faster than kinetic ordnance that 
rely on gravity to get the job done. But 
there are limits to those high-speed 
systems, including cost, range, payload 
capacity, and a multitude of strategic 
challenges that bombers—with their 
ability to loiter and deliver ordnance 
with surgical precision—can mitigate. 

“While technology may change, 
geography doesn’t,” Singer says. “You 
need the ability to operate across great 
distances, especially in the Pacific. And 
in various scenarios versus China and 
Russia, the U.S. needs more options.”

By that he means the ability to 
navigate around—or slip through—
more sophisticated air defenses. The 
radar invisibility of the B-2 stealth 
bomber is legendary. And the B-52 
Stratofortress can fly high enough to 
avoid many defenses. Bombers can also 
use the weapons in a conventional fight 
against less technologically advanced 
adversaries, where missiles and rockets 
aren’t required to circumvent defense 
systems, and deliver more and larger 
individual bombs than other systems 
could. 

Bombers can also be highly effective 
deterrents, often as impactful as 
aircraft carrier battle groups when 
those arrive on the scene of a brewing 
conflict. Of course, bombers can also 
be provocative, revealing potential 
troublemakers and gauging tensions. 
In late October 2023, a Chinese J-11 
fighter jet got up close and personal 
with a U.S. Air Force B-52 bomber that 
the Department of Defense says was 
conducting routine operations in the 
international waters of the South China 
Sea. It behaved antagonistically, as is 
often the case in such confrontations, 
before going on its way.

So an active, broadly capable bomber 
fleet, far from being anachronistic, is 
truly foundational in today’s military. 
That’s the reason the aforementioned 
B-52 is—astonishingly—nearing its 
70th anniversary of active duty. It’s 
also why plenty of intermediate options 
exist and why a brand-new option, the 
recently unveiled Northrop Grumman 
B-21 Raider, is raising so many curious 
eyebrows. 

As for the bombing capabilities of 
U.S. adversaries, those bombers can’t 
match the technological prowess of the 
U.S. fleet, but they can be devastatingly 
effective nonetheless. It’s just that new 
bombers are few and far between and 
troubled by their own challenges. “Any 
talk of a new Russian bomber has been 
kind of dashed because of sanctions and 
combat losses,” notes aircraft industry 
analyst Richard Aboulafia, a managing 
director at the defense consultancy 
AeroDynamic Advisory. “If there’s any 
talk of something to replace China’s 
Xian H-6K, a regional bomber,” he 
adds, “there’s been nothing definite. 
The Chinese are a long way from having 
anything like what we have coming 
next.”

But while we may not see anything 
new from our military adversaries 
in the near future, that doesn’t mean 
existing capabilities aren’t still 
formidable, or that the pursuit of 
smarter ways of delivering explosives 
won’t continue to evolve even with 
legacy aircraft on both sides. After all, 
the first entry in this roundup of the 
most deadly bombers in the world has 
seen its fair share of evolution, even if 
its core design hasn’t changed in seven 
decades. It remains an intimidating, 
and awesome, aircraft.

Boeing B-52 Stratofortress
Most dangerous feature: 
8,800-mile range without 
refueling

All conversations about bombers must 
begin with this OG, the legendary 
Boeing-built B-52 Stratofortress. This 
sprawling strategic bomber entered 
service in 1955, and over the course of 
the barely seven years of production 
that followed, 742 samples were built; 
72 remain in service today. The model 
has been updated continuously and 
adapted for virtually every military 
conflict the U.S. has participated in 
since that early Cold War era.

The B-52’s longevity can be 
attributed to its robust original design 
and its upgrade-friendly internal space, 
which allows for wholesale replacement 
of entire systems. Over the years, this 
160-foot-long, 185-foot-wingspan bird, 
known as BUFF—for Big Ugly Fat, 
uh, Fella—has seen new armaments, 
including cruise missiles and nuclear 
missiles, enter its weapons bay; it will 
eventually see hypersonic missiles 
loaded on board once those enter 
service. Avionics, communications, 
and networking upgrades have been 
fairly steady, and the aircraft is due to 
receive a new digital cockpit starting 
within the next five years. This year the 
Air Force also began installing a new 
Active Electronically Scanned Array 
radar system—used by modern fighter 
jets such as the F-22 for ultraprecise, 
multi-target tracking—to replace the 
1960s-era radar currently installed in 
the fleet.

But by far the most substantial 
upgrade (and a massive vote of 
confidence if ever there was one) will 
be the Air Force’s new re-engining 
program for the B-52s eight engines. 
The idea of modernizing the engines has 
been controversial because of the cost 
involved and the assumption that the 
bomber would eventually be retired. But 
the Air Force confirmed in 2021 that 
it would replace the original Pratt & 
Whitney TF33-P-3/103 turbofans with 
larger, more efficient, and quieter Rolls-
Royce F130 engines. The B-52 is not 
a cargo aircraft; up close, its fuselage 
feels remarkably skinny and compact, 
though its wide wings make up for it. 
Still, these engines will enhance the 
B-52’s overall look significantly, taking 
an already imposing vibe and pushing it 
to another level of menace. 

Tupolev Tu-95
Most dangerous features: 
Lengthy loiter time, large 
nuclear bombs

With a shelf life that closely rivals that 
of the B-52 Stratofortress, the Tupolev 
Tu-95 “Bear” is another quirky bomber. 
Introduced in the mid-1950s and still 
going strong, the Tu-95 uses turboprops 
with counter-rotating blades instead 
of jet engines. The prop tips spin at 
supersonic velocities, making it one of 
the loudest aircraft in the world. It’s also 
one of the few bombers with machine 
guns for defense, and the only prop-
driven aircraft with swept-back wings, 
which are typically used in high-speed 
jet aircraft.

But the engineering decisions the 
Soviet-era designers made for the 
Tu-95 have resulted in one of the most 
fearsome packages on the planet. The 
fuel-efficient turboprop engines give 
it an unrefueled range of 9,300 miles. 
That’s 500 more than the B-52’s, mostly 
benefiting loiter time rather than 
actual distance. And it’s supremely 
efficient at lower altitudes. Granted, 
it can’t outrun most defense systems, 
but in the absence of those systems, 
it’s devastating. The bomber’s original 
mission included carrying nuclear 
warheads—it famously dropped the 
largest nuke ever made, the 58-megaton 
Tsar Bomba, in a 1961 test. But its 
current weapons include conventional 
bombs and missiles.

The Tu-95 has been upgraded 
over the years with new avionics and 
communications systems, without quite 
the technological advances the B-52 has 
enjoyed. It’s been routinely used for low-
level maritime operations, including 
dropping sonar buoys and deploying 
other electronic surveillance systems. 
But while the aircraft is expected to fly 
through 2040, there aren’t practical 
replacements in the pipeline yet. “Any 
talk of a new Russian bomber has been 
kind of dashed because of sanctions and 
combat losses” related to the Ukraine 
war, says AeroDynamic Advisory’s 
Aboulafia.

Rockwell B-1 Lancer
Most dangerous feature: 
Ability to fly high and fast, 
or low and slow

The B-1 bomber is a rare bird. The 
U.S. gave it a unique combination of 
capabilities and produced just 100 of 
them. The plane then had a fraught 
and protracted gestational period 
that saw a definitive cancellation of 
the development program in 1977, a 
surprise reversal of that decision in 
1981, and multiple running changes 
between the original design and the 
final product.

The end result was a long-range heavy 
bomber that can fly up to Mach 1.25, 
travel as far as 6,500 miles, and carry 
up to 75,000 pounds of conventional 
bombs, nuclear weapons, or rockets 
and missiles, including the AGM-158 
JASSM (Joint Air-to-Surface Standoff 
Missile), a stealthy, winged missile with 
an armor-piercing warhead. 

The plan has a swoopy design that 
seems to want bell bottoms on the 
landing gear and feathered haircuts on 
the pilots, and a rare variable-sweep 
wing that was briefly in vogue among 
aerospace engineers but which allowed 
it to alternate between low-speed, low-
altitude bombing and high-altitude 
supersonic flight. 

“The B-1 is truly an oddity,” 
Aboulafia says. “It was a creature 
of the ’60s, built in the ’80s, very 
expensive, pre-stealth, and just kind of 
that fascinating last gasp of all of the 
tremendous creations of the heart of the 
Cold War.”

But for all its weirdness, it ticked a lot 
of essential boxes. “It’s the only aircraft 
that I know of that has somehow 
managed to combine range, payload, 
and speed,” Aboulafia says. For that 
reason, it earned its role in a variety 
of missions, including, most recently, 
hundreds of flights above Afghanistan 
and Syria. Thanks to a slew of upgrades 
to its avionics, targeting systems, and 
payload capabilities, the Air Force 
intends to keep the B-1 in service 
through at least 2036, when it will be 
fully displaced by the B-21.

Tupolev Tu-160 Blackjack
Most dangerous feature: 
Speed

This visual copycat of the U.S. B-1 
Lancer takes the idea of a supersonic, 
long-range, sweep-wing performance 
bomber and pushes everything to 11. 
It’s faster than the B-1, able to reach 
Mach 2.05 to the B-1’s Mach 1.2, and 
second only to the U.S.’s experimental 
Mach 3 XB-70 Valkyrie on outright 
speed for a bomber. It can travel as 
far as 7,700 miles without refueling, 
outflying the B-1 by more than 1,000 
miles. It even has the same groovy 
styling as the B-1, having cribbed the 
blended wing and fuselage design from 
its U.S. counterpart.

But similarities in design don’t 
always equal similarities elsewhere. 
Despite having a reduced budget 
compared to the Tu-160, the B-1 
engineers had a broader understanding 
of the science and technology required 
to make the aircraft perform as needed, 
and to do so reliably. The Tu-160 has 
been plagued by readiness issues as well 
as performance restrictions: A flaw in 
the engine time means it can fly at its 
top speed only for short periods of time.

The long-range bomber entered 
service in 1987 and has received a 
variety of upgrades since. The most 
recent version, the Tu-160M, currently 
undergoing prototype testing, consists 
of 80 percent upgraded systems and 
equipment, according to Defense 
News. It also has new engines and will 
carry the latest weapons, including 
Russia’s new hypersonic missile—if that 
development process succeeds. Russia 
hopes to roll out 10 retrofitted Tu-160s 
by 2027—a stark contrast to the number 
of new B-1 bombers planned: zero.

Northrop Grumman B-2 
Spirit
Most dangerous feature: 
Stealth

When it entered service in 1997 
after a 16-year development and 
test program, the B-2 Spirit—a.k.a. 
the Stealth Bomber—was as much a 
breakthrough for its near-invisibility to 
enemy radar as its striking flying-wing 
configuration. The former came from 
decades of research and development 
into “low-observable” technology; 
the latter was made possible through 
complex digital flight controls that 
automatically stabilized the airplane in 
flight.

Due to runaway manufacturing and 
operating costs, however, the Air Force 
would reduce its procurement from 130 
samples to just 21. (One was lost in a 
crash, and 20 remain in active service.) 
But the B-2 has acquitted itself well in 
its quarter century of service, never 
once being fired upon during extensive 
bombing campaigns in the Kosovo 
War, the 1991 Gulf War, Operation 
Enduring Freedom in Afghanistan, 
the Iraq War, and the battle against 
ISIS, among others. It typically flies 
missions directly from Whiteman Air 
Force Base in Missouri to the target, 
flying up to 15,000 miles round trip 
over up to 30 hours, with multiple aerial 
refuelings. (It has flown from other 
bases, including forward locations 
during conflicts.) It carries up to 
40,000 pounds of conventional bombs 
or nuclear warheads in its two internal 
bays.

Though the B-2 is scheduled for 
gradual replacement by, yes, the B-21 
Raider beginning in 2027, the Air Force 
is committed to the B-2, with billions 
of dollars in upgrades scheduled for the 
fleet to help it last until at least 2032. At 
the end of the day, it will likely be most 
remembered for shifting the priorities 
of the Air Force. “The B-1 could do 
a high-speed supersonic dash with 
significant range and payload, but with 
the B-2 we said we didn’t want those 
three things,” Aboulafia says. “We now 
wanted range, payload, and stealth, not 
speed. And the B-21, of course, will have 
the same parameters.”

Xian H-6
Most dangerous feature:  
Can fire multiple supersonic 
missiles at a carrier battle 
group

While most militaries outside the U.S. 
have negligible bomber capabilities, 
China is a notable exception. Its twin-
engine H-6 is a serious threat. Adapted 
by the Chinese manufacturer Xi’an 
Aircraft Industrial Corporation from 
the Soviet Tupolev Tu-16, the plane is 
not only capable of aerial refueling to 
extend its range but also able to launch 
cruise missiles and deploy nuclear 
weapons, and it’s equipped with modern 
avionics and radar systems.

Variants include the H-6K, a 
conventional bomber, and the newer 
H-6N, a nuclear-capable version that
can also launch anti-ship ballistic
missiles. The bomber is frequently used



in shows of force, most notably when 
China wants to assert its territorial 
claims over Taiwan. Last December, 
China sent 18 H-6 bombers through 
Taiwan’s air defense zone in a 24-hour 
period. It’s also being groomed for next-
generation technologies such as drone 
swarm deployment and electronic 
warfare capabilities. 

Analysts believe China is working on 
a replacement for the H-6, a flying-wing 
bomber like the B-21 called the H-20. 
Despite the similarities, the plane likely 
won’t deliver the same performance as 
the U.S. Air Force’s newest bomber—
China’s expertise in stealth materials 
and manufacturing technology still 
trails America’s, says Aboulafia. 
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Northrop Grumman B-21 
Raider
Most dangerous features: 
Next-gen stealth and 
reliability

Though the motley fleet of U.S. bomber 
aircraft is the best in the world by any 
measure—and really, it’s no contest—
there are still gaps. First and foremost 
among them is cost: A plane should be 
able to go deep into enemy territory 
without breaking the bank with every 
hour of flight, or requiring countless 
hours of maintenance between 
missions. When the B-21 Raider took 
its first official flight in November 
2023, it injected a new generation of 
performance and stealth technology 
into the bomber arsenal. The plane 
significantly outperforms the B-2 Spirit 
in terms of cost-effectiveness due to its 
vastly increased fuel efficiency and—
the Department of Defense hopes, 
anyway—its greater reliability.

The older B-2 costs more than 
$150,000 per hour to operate, thanks 
to high maintenance expenses and 
an inherently inefficient engine 
configuration—to make the plane 
stealthier, its designers buried its 
four power plants deep inside the 
aircraft to conceal their fan disks 
and heat signatures. The B-21 solves 
those problems. “Nothing’s really 
been confirmed yet in terms of new 
innovations, but one challenge would 
be using a high-bypass turbofan 
engine that would be much better 
on fuel consumption and therefore 
range,” Aboulafia says. High-bypass 
engines, similar to those on commercial 
airliners, generate greater thrust from 
larger fan diameters and are therefore 
more fuel efficient. “You couldn’t 
reconcile that with stealth until now,” 
he says. “On the B-2, you have much 
bigger inlets, and apparently they’ve 
found a way to create a stealthy inlet 
and duct that allows for a larger bypass 
engine inside.”

Aboulafia says the bomber has 
plenty of other important innovations, 
including advances in materials and 
manufacturing processes, onboard 
electronics, stealth coatings, and more. 
It will also be able to deploy hypersonic 
missiles as those come on line, and 
coordinate with new drone targeting, 
reconnaissance, and surveillance 
drones.

The Air Force expects to purchase 
more than 100 B-21 bombers, which 
will help with the economy of scale 
challenges that have also contributed 
to the B-2’s high operating costs, as 
only 21 of those were built. The B-21’s 
expected life span hasn’t been revealed 
publicly yet, but the way things are 
going, the new bird may retire before 
the B-52 does. 



For the 
First Time 
in 40 Years, 
The U.S. Is 
Developing a 
New Nuclear 
Weapon—and 
Can’t Test 
Whether It 
Works
The new nuke should work 
just fine, in theory. But 
without live testing, 
scientists won’t know 
for sure.
BY ADAM MANN

O
NE-FOOT-THICK CONCRETE

doors lead to the central 
target chamber of the 
National Ignition Facility 
(NIF), a $3.5 billion 
research center dedicated to 
studying nuclear weapons. 

The mazelike facility is loud with 
the sound of whirring fans, banging 
equipment, and, on occasion, beeping 
signals. Each of the gigantic doors has 
been covered with concrete injected 
with boron, an element known for its 
ability to absorb high-energy neutrons 
that come blasting out of the chamber 
as a result of the explosive experiments 
taking place there. 

Because of its shape, the three-
story-tall central target chamber 
conjures images of the Death Star. 
But that’s from the wrong movie. 
“If this looks familiar to you,” says 
theoretical chemist Heather Whitley, 
the NIF’s associate program director 
for high-energy-density science, “it 
could be because you saw Star Trek 
Into Darkness.” Filmmakers used 
the chamber, which is surrounded by 
snaking pipes and intricate electronic 
sensors, as a stand-in for the Starship 
Enterprise’s warp core. 

The NIF is far more than just 
the world’s most expensive movie 
prop. The central target chamber is 
situated between two football-field-
size buildings on the grounds of the 
Lawrence Livermore National Lab in 
Northern California. The enormous 
blue sphere contains the world’s largest 
and most powerful laser. Scientists 
can focus 192 individual ultraviolet 
laser beams onto targets no bigger 
than peppercorns. The targets implode 
with the force of a miniature nuclear 
blast. When this happens, for a fraction 
of a second, the target becomes the 
hottest place in the solar system, with 
temperatures exceeding 100 million 
degrees Fahrenheit and pressures 100 
times denser than lead.

The target chamber at the National Ignition Facility at 
Lawrence Livermore Laboratory has inputs for almost 
200 laser beams and is a key testing area for nuclear 
development. 

The only facility capable of 
conducting such experiments, the NIF 
has allowed scientists to pioneer fusion 
energy, investigate conditions in the 
bellies of stars, and answer questions 
about the complex physical processes 
that occur when a nuclear warhead goes 
off. That data has become all the more 
critical now that the Navy, Department 
of Defense, and the Deparment of 
Energy’s National Nuclear Security 
Administration (NNSA) are planning 
to build a new warhead, called the 
W93. (Nuclear weapons are named for 
the order in which they are conceived, 
making this the 93rd design considered 
by the United States.) This will be the 
first new nuclear weapon in more than 
thirty years—and it will be the first 
that scientists have ever built without 
the capability of testing it. That’s 
because since 1996, the United States 
has participated in a near-worldwide 
Comprehensive Test Ban Treaty that 
prohibits the detonation of a nuclear 
warhead anywhere in the world for 
military or scientific purposes.

Development of the W93 is expected 
to cost roughly $15 billion, and the 
warhead should be ready to deploy 
sometime in the next decade. The 
program was first announced in 2020 
during the Trump Administration, 
and its preliminary design studies 
are due to be completed this October. 
Which means the United States has 
now entered into its first new nuclear 
weapons project since the end of the 
Cold War. 

Officials feel assured that decades 
of research and simulations will allow 
them to produce the warhead without 
too much trouble. “We have learned so 
much about how the actual weapons 
work through these computer models 
and experiments,” says Frank Rose, 
the principal deputy administrator of 
the NNSA. “We have a high degree of 
confidence that we can design, build, 
and maintain this new W93 warhead 
without resorting to new explosive 
nuclear testing.”

But not everyone is convinced, 
especially given that things almost 
invariably work differently in reality 
than in models. “I find it enormously 
concerning,” says Geoff Wilson, 
a policy analyst with the Center for 
Arms Control and Non-Proliferation. 
“I’m sure that folks from the national 
laboratories will say, ‘Oh, we test these 
things all the time.’ And I’m sure that 
they are incredible simulations.” Yet 
military programs for things such as 
new fighter jets are often delayed and 
run over budget because engineers 
discover that their components did 
not work as they had originally been 
designed. So, Wilson says, “the question 
of testing is a real one.” 

DEPENDING ON ITS DESIGN, a nuclear 
warhead is between 5- and 12-feet long 
and typically has a conical shape. Most 
explosions are caused by chemical 
reactions, in which some kind of 
activation energy—say, lighting the 
fuse on a stick of dynamite—breaks the 
existing chemical bonds between atoms 
and causes the electrons on the outside 
of atoms to rearrange themselves. As 
these atoms break apart and form new 
chemical bonds, the process releases 
energy in the form of heat and gas, 
which expands rapidly in what we know 
as an explosion. 

In nuclear weapons, however, you’re 
not just breaking bonds among atoms, 
but within them. In fission, the protons 
and neutrons in the nucleus of an atom 
break apart (hence the phrase “splitting 
the atom”). The force of attraction 
between protons and neutrons is many 
orders of magnitude greater than that 
between electrons and the nucleus, 
which is why fission creates such a 
powerful explosion.

This gold container, about the size of a pencil eraser, 
is one of the targets used inside the National Ignition 
Facility. During testing, it can be bombarded with 192 
laser beams. Some targets in the chamber can reach 100 
million degrees Fahrenheit. 

The first deployed nuclear 
bomb—Little Boy, dropped on 
Hiroshima—used the process of fission 
to generate an explosion. In order to 
break the powerful natural bonds 
between protons and neutrons, you 
need to start with what is known as 
fissionable material, isotopes that can 
be bombarded with neutrons, absorb 
them, become unstable, and split. This 
sets off a chain reaction and massive 
explosion.

Within seven years after Hiroshima, 
researchers had updated nuclear 
warheads to incorporate fusion as well 
as fission, resulting in a potentially 
even more devastating blast. The newer 
weapon explodes in two stages: First, a 
conventional explosive crushes a hollow 
sphere of plutonium to a critical density, 
causing fission. Through a series of 
steps, the energetic X-rays emitted 
during the first stage allow isotopes of 
hydrogen called deuterium and tritium 
in the second stage to overcome their 
natural electrostatic repulsion and fuse 
together, releasing colossal amounts 
of energy and additional neutrons that 
boost the fission explosion. For this 
reason, these weapons were dubbed 
hydrogen bombs. 

The first hydrogen bomb test, 
detonated on the Eniwetok Atoll in the 
Marshall Islands in 1952, released an 
explosion equivalent to seven hundred 
Hiroshima blasts. The W76 and W88 
warheads currently deployed on U.S. 
subs are a bit more scaled back; they 
have the power of “only” six and twenty-
eight Hiroshima blasts, respectively.

The early live tests of nuclear 
weapons served several purposes. 
The 1945 Trinity test, the first ever 
conducted, was necessary for scientists 
to know that their new device would 
actually work as planned, and it also 
gave them their first look at the effects 
of a nuclear blast. When it went off, 
the blast released a force equivalent to 
18,600 tons of dynamite, fusing sand in 
the New Mexico desert into glass and, 
according to observers, lighting up the 
sky “like the sun.” 

The United States has conducted 
1,053 subsequent nuclear tests, with 
various degrees of destruction. These 
were mainly done to gain a better 
understanding of different weapons 
designs, how powerful each would be, 
and whether nuclear weapons could be 
used in conjunction with soldiers on a 
battlefield. 

U.S. soliders look on during a live test of an atomic bomb 
in the desert outside Las Vegas in 1951. It was the first 
time troops were employed in maneuvers where an 
atomic weapon was used.  

Though most warheads were 
detonated in remote areas such as 
islands and deserts, live testing was 
still incredibly damaging to people 
and the environment. The 1954 Bravo 
test on Bikini Atoll, in the Marshall 
Islands, ended up being nearly three 
times larger than physicists had 
predicted, and the consequences were 
far-reaching. Radiation poisoning 
affected not only the crew of a Japanese 
fishing vessel near the fallout zone but 
also residents of Rongelap and Utirik, a 
pair of atolls 100 and 300 miles to the 
east, respectively. 	 Such powerful 
tests left many islands uninhabitable 
and produced radioactive fallout that 
lingered in the atmosphere for long 
periods of time. 

In the 1960s, studies showed that 
throughout the U.S. and the world, 
children’s baby teeth contained 50 
times the normal level of radioactive 
strontium-90, a byproduct of the 
warheads, increasing their risk of bone 
cancer. For these reasons, the United 
States moved to underground testing 
in 1963, where the explosions could be 
contained in deep holes and monitored 
with scientific instruments. Even then, 
underground tests led to contamination 
of soil and groundwater and vented 
radiation into the atmosphere, where it 
was often carried away on winds. 

The last U.S. nuclear test, known 
by its codename Divider, occurred on 
September 23, 1992, though at the time 
nobody knew it would be the nation’s 
final live test. Spurred by lobbying from 
disarmament groups, Congress passed 
a temporary moratorium on nuclear 
weapons tests in June 1993. The U.S. 
permanently stopped live testing a few 
years later when it joined most nuclear 
nations in signing the Comprehensive 
Test Ban Treaty.

IN SPITE OF the fact that the U.S. hasn’t 
blown up any nuclear warheads in 
more than three decades, military 
experts are confident that the W93 can 
be trusted to go off as planned. Data 
gathered from more than a thousand 
live atomic tests that occurred before 
the ban went into place is stored in 
classified magnetic tapes at Lawrence 
Livermore Labs. It serves as the basis 
of complex supercomputer simulations 
that can explore the processes of a 
nuclear explosion in fine detail. These 
are conducted under the Stockpile 
Stewardship Program, an initiative run 
out of Livermore and other weapons 
labs across the United States that 
is tasked with determining how our 
existing arsenal ages over time.

Predicting how a nuclear warhead 
will perform when detonated requires 
understanding the material properties 
of plutonium, one of the strangest 
and most enigmatic elements on the 
periodic table. Plutonium is what is 
known as a fissile material, an element 
that is capable of undergoing reactions 
where atoms split apart, and it is used 
in the core of nuclear warheads. It is 
also an element so rare in nature that 
the amounts needed for an atomic bomb 
must be manufactured. Plutonium’s 
scarcity is also the reason we don’t know 
much about how it changes or degrades 
over time—information that’s vital 
to ensuring that our current atomic 
arsenal isn’t full of duds. 

There is some debate as to whether 
the hollow plutonium cores of warheads 
that power the explosion, known as pits, 
need to be regularly switched out for 
newer pits. An independent assessment 
in 2007 from the scientific advisory 
group JASON concluded that the W76’s 
and W88’s plutonium cores should 
be good for at least a century. A 2012 
study from Livermore backed up these 
findings, identifying no unexpected 
aging issues for 150 years, though 
it advocated for further research to 
understand the pit aging process. 

Government officials disagree. “You 
can’t make a blanket statement like, 
‘Pits are good for 80 to 100 years,’” says 
Marvin Adams, a nuclear engineer 
and the NNSA’s deputy administrator 
for defense programs. “It depends 
on the system, and it depends on the 
environment. Anything we say about 
a lifetime of 80 to 100 years is an 
extrapolatory statement. We’ve never 
seen 100-year-old plutonium, right? We 
started making it in the [19]40s.”

At the NIF, scientists have studied 
how plutonium responds to different 
extremes of temperature and pressure, 
which gives them a better idea of how 
it might age inside a warhead. Other 
experiments provide insight into how 
energy flows out of a nuclear detonation, 
or whether a warhead exposed to 
radiation, say from an enemy warhead, 
might still work and, if so, how well. 

Not all research is theoretical. At the 
Dual-Axis Radiographic Hydrodynamic 
Test Facility (DAHRT) at Los Alamos 
National Laboratory in New Mexico, 
engineers place models of plutonium 
pits that are identical in size to the real 
thing (roughly as big as a bowling ball) 
and made from metals with a similar 
density, such as lead or tantalum, 
inside a special chamber. Sometimes 
plutonium itself is used, but always 
in a low enough quantity that it won’t 
actually set off a nuclear chain reaction 
and blow up. Chemical explosives 
are detonated around the pit model, 
creating a shock wave that moves 
inward at supersonic speeds. The test 
pits heat up and implode. At the same 
time, an enormous X-ray machine takes 
high-speed images of the plutonium 
pit models. Looking at the pictures, 
researchers can ask themselves whether 
or not the resulting implosion behaved 
the way they expected it to, says Adams. 
By comparing these images with the 
classified supercomputer simulations 
of nuclear detonations, scientists can 
determine how a future warhead may go 
off. 

CLEARLY, THE GOAL of the 
Comprehensive Test Ban Treaty was 
to avoid the proliferation of nuclear 
weapons, and not just the testing of 
new ones. Plans to build a new nuclear 
weapon represents a deviation from 
the spirit of the treaty, says Lisbeth 
Gronlund, a nuclear arms-control 
expert and theoretical physicist at the 
Massachusetts Institute of Technology. 

But the U.S. military believes it can 
and should be done. Nuclear weapons 
are the backbone of our military 
strategy, which rests on the concept of 
mutually assured destruction when it 
comes to conflict with other nuclear-
armed adversaries. In May 2023, Russia 
placed small nuclear weapons (called 
“tactical” nukes) in Belarus as part of 
its invasion of Ukraine. At the same 
time, it has reversed its ratification of 
the Comprehensive Test Ban Treaty. 
(The U.S. and China had both signed 
the treaty but never ratified it.) And 
satellite imagery has detected a 
significant uptick in activity at a former 
Soviet nuclear test site called Novaya 
Zemlya in the Arctic Ocean, suggesting 
that the Russians could be preparing for 
a new nuclear test. Meanwhile, China 
has built hundreds of new missile silos. 
While some of those may be decoys, the 
Pentagon believes that China intends 
to increase its nuclear arsenal from 400 
warheads to 1,500 over the next decade.

China has been building hundreds of new nuclear 
missile silos and often conceals them under temporary 
structures. Scientists and defense analysts believe the 
buildup is a sign that the country is expanding its nuclear 
weapons program.

Historically the United States 
has maintained as many as 31,255 
warheads, and it currently has just over 
5,000. Still, if Russia or China start 
to gain advantages in their weapons 
technology, the U.S. must develop its 
own new weapons as a countermeasure, 
says Adams. “We have gone for decades 
without really changing much,” he 
says. The youngest warheads in our 
existing arsenal are now more than 
three decades old. They are stored 
on submarines, in missile silos deep 
underground, and at air bases spread 
across Europe, usually with their 
electronic components turned off. 
Without regular updating, there’s a 
potential that such parts may fail once 
they need to be used. Imagine pulling 
a ’90s-era laptop out of your garage. 
Would you trust it to power up at a 
moment’s notice?

The exact mechanisms the W93 will 
utilize are both a state secret and, at 
this stage, unknown, because the design 
details have yet to be decided. But the 
project will include a new aeroshell—
the conical tip of a projectile in which 
a warhead is placed—called the Mark 7 
(Mk7) that is meant to be less likely to 
detonate accidentally than the Navy’s 
current submarine-launched missiles. 
The chemical explosive that starts the 
process of the warhead’s explosion is 
intended to be less likely to detonate 
accidentally as well. 

Mercifully, no atomic warhead has 
exploded unintentionally, but there 
have been several close calls. In 1966, 
after two U.S. military planes collided 
off the coast of Spain, three nuclear 
weapons tumbled out and landed 
on the ground, while one fell into 
the Mediterranean. The nonnuclear 
explosives inside two of the three that 
landed on the ground detonated near a 
fishing village, scattering radioactive 



plutonium over farms and fields. 
Any alterations made to the W93 

over previous designs are likely to be 
incremental. Matt Korda, a senior 
research fellow for the Nuclear 
Information Project at the Federation 
of American Scientists, says engineers 
might swap the two different stages 
of the hydrogen warhead within the 
missile. “But my understanding is it 
probably wouldn’t be a revolutionary 
change.” The NNSA in fact has stated 
that the W93 will be largely based on 
preexisting designs so as to help ensure 
that it works as planned. “There’s no 
need to go into a tricky design space 
here,” says Adams. “We’re going to stay 
right in our comfort zone where we’ve 
got lots of test data.”

Could the development of the 
W93 signal a return to live testing? 
Technically, the U.S. could explode 
nuclear warheads in the air or ground 
anytime it wanted. Although President 
Clinton signed the test ban treaty in the 
mid-’90s, the Senate’s decision not to 
ratify it opens the door for the U.S. to 
pull out of the pact.

“Even though we have no plans to 
resume nuclear testing, we are required 
by Congress to maintain the capability 
to resume nuclear testing should the 
president direct us,” says the NNSA’s 
Rose. “However, this administration 
has made it very clear: We, from a 
technical reason, do not have to return 
to nuclear testing.”

 A new nuclear test conducted by 
the United States would likely receive 
widespread condemnation. “It would 
be unbelievably controversial,” says 
Korda. “It would have very significant 
repercussions both domestically, but 
also in the international space. The 
U.S. has been recently concerned with 
activities at Russian and Chinese 
testing sites. It would make it very 
difficult for the U.S. to criticize those 
other countries for their lack of 
transparency around their testing 
activities if the U.S. was going ahead 
and doing testing of its own.” 

No one can turn back the clock on 
the Atomic Age. These weapons are 
here to stay, and if keeping their use in 
check requires building new and ever 
better warheads, that’s what the entities 
in charge of our national security are 
going to do. The prevailing hope is 
that in spite of the time, expense, and 
effort involved in building something 
like W93, the United States never 
has to break its 30-year streak of not 
detonating anything in its arsenal. 
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Our Travel 
Expert 
Recommends 
the 8 Best 
Solar-
Powered 
Generators 
for Any 
Situation
These portable dynamos 
keep gadgets and 
appliances running 
during outages and off-
grid excursions.
BY MAGGIE SLEPIAN

G
AS-POWERED GENERATORS

aren’t the only option for 
portable power. The solar-
powered kind—also called 
portable power stations—
are becoming more popular. 
I started using these a few 

years ago and was thrilled with having 
a clean, efficient charging system that 
didn’t roar or burn through fuel.

I spend summer and winter on 
minimalist backcountry excursions, 
but my shoulder seasons consist of base 
camping in warmer climates with my 
truck camping system, and I often work 
remotely from the road. Car camping, 
overlanding, glamping, and van-based 
remote work have grown in popularity 
over the past several years. But if you’re 
going off grid, you’ll need some way to 
charge your devices and power essential 
equipment—from your smartphone and 
computer to speakers and lights,  even a 
battery-powered cooler or fridge.

I keep a Goal Zero Yeti 200X in 
my car camping bin, and have used 
Jackery’s fast-charging Explorer 240 
as a backup when power might be 
unreliable. I’m usually looking to keep 
my phone, headlamp, and headphones 
charged, but I’ve used power banks to 
heat water in an electric kettle, grind 
coffee, and power my laptop during 
remote work sessions.

You can charge most power stations 
via a wall outlet, a vehicle’s 12-volt port, 
or solar panels (often sold separately). 
And some of the bigger units can even 
run household appliances during a 
power outage. Each power station holds 
a certain capacity for charging devices, 
measured in watt-hours (wh).

In the future I’d love to see the 
weight-to-power ratio continue to 
improve, leading to lighter units that 
don’t skimp on charging capabilities. 
I’m also somewhat surprised that we 
don’t see more advanced screen options 
on most units; most offer only a basic 
LCD readout. That gets the job done, 
but some of the info and stats can be 
confusing to toggle through.

For these picks, I took my own 
testing and research into consideration, 
factoring in their performance with 
respect to charging capacities, ease of 
use, weight, and the different functions 
that people might need them for.

How to Find the Right 
Generator
One of the main differentiators between 
models is charging capacity. Consider 
the electronics you plan to pack and how 
much juice you’ll need for each one. This 
can also pertain to a generator you keep 
at home for power outages.

For instance, running a refrigerator 
takes a lot more power than charging 
your phone or powering your lights. 
Make a list of the items you’ll need to 
charge or power and how much juice 
each one will need. From there, factor 
in how much time you typically spend 
off grid, and how long the solar-powered 
generator will take to recharge when it’s 
depleted.

Once you figure out what you’ll be 
charging, you can start comparing 
capacities per full charge on each 
unit. The price goes up as the capacity 
increases, but most people heading out 
for an off-grid weekend will want at 
least 40 amp-hours, or 500 watt-hours. 
(An amp-hour [Ah] indicates how 
much amperage a battery can provide 
for one hour.) If you’re charging larger 
appliances, you’ll need significantly 
more. Look at overall watts, too—a 
measurement of how much power a 
generator can deliver. Appliances like 
coffee makers and electric heaters can 
require close to 2,000. Smaller power 
packs won’t deliver that.

If you’re after a backup for home 
power outages, look for a model 
with at least 1,000 amp-hours, and I 
recommend 200 watts’ worth of solar 
panels for recharging.

Most units weigh at least 10 pounds, 
and the weight and size increase quickly 
with greater capacities. That, in turn, 
will impact the convenience of each 
model. Many RVs and overlanding 
setups have limited space, so if that 
applies to you, a more compact model 
might strike your fancy. Before 
purchasing, consider where you plan to 
store the power bank, and the space in 
your vehicle or camper where it will live 
while you’re on the road.

How We Chose the Best
I’m a seasonal car camper. This means 
I take off for base-camping trips 
in spring and fall when the deeper 
wilderness is harder to access near 
where I live in Montana. My testing 
ranged from quick overnights to more 
than a week on the road, and included 
charging power banks in AC outlets, 
in the 12-volt outlet in my truck, and 
with solar panels. I compared charging 
capacity, weight, power input, and how 
easy each unit was to use and transport. 
For each, I included the number of 
times the generator could recharge an 
iPhone. For the ones I didn’t personally 
test, I talked to overlanding experts 
and car campers, looking for models 
that would suit everyone from users 
with less demanding charging needs 
(like myself) to people looking for a 
household backup and to power their 
camper appliances.

The better units I reviewed balance 
charging capacity with weight and 
price. Heavier models with lower 
charging capacities and longer recharge 
times didn’t make the cut.

SH OP  HERE

Best Overall
Jackery Explorer 1000
$999
Capacity: 1,002 wh
Weight: 22 lb
Phone charges: 100

Jackery is a fan favorite among 
car campers, remote workers, and 
overlanders. I used this one on a media 
trip where I had to keep multiple 
camera batteries charged during a 
weeklong outing. This won’t be your 
best bet for larger appliances, but it’s 
an ideal power station for smaller items 
and off-grid camping.

The Explorer 1000 has eight ports, 
including three AC outlets, two USB-C 
ports, a 12-volt car port, and two 
standard USB-A outlets. It can charge 
a typical laptop eight times or power a 
small refrigerator or powered cooler for 
over 15 hours.

Solar panels or a 12-volt outlet in 
your vehicle will recharge the generator, 
and we used both. The Explorer 1000 
has fairly standard charging times, 
with 11.5 hours in a car outlet, six and 
a half hours for solar panels, and just 
five and a half hours to fully charge in 
a wall outlet. This model is a bit hard 
to operate after dark, and I needed my 
phone flashlight to see the sides of the 
power bank that didn’t have lights. 
Otherwise, I have very few complaints.

Largest Capacity
Bluetti EB240
$789
Capacity: 2,400 wh
Weight: 48.5 lb
Phone charges: 255

For extended trips, outages at home, or 
big items, this high-powered generator 
is a reliable option. My parents 
owned this model (and I’ve used it at 
their house) before they purchased 
a home generator, and it powered 
their refrigerator and freezer during 
extended power outages during New 
England winters. 

Like some other top models here, the 
EB240 has an integrated maximum 
power point tracker (MPPT), which 
helps optimize energy flow between 
solar panels and the generator to 
increase charging speeds. This allows 
it to replenish to full capacity in under 
10 hours in good conditions—pretty 
incredible for such a large-capacity 
model.

The unit is capable of accepting a 
500-watt input, which is higher than 
other power stations and helps get it 
charged faster. It can fully charge via 
a car’s 12-volt outlet, a wall outlet, or 
through solar panels.

I recommend this (heavy!) model 
for longer road trips and as a backup 
for home emergencies. I’d love to see a 
better charging unit for the wall outlet, 
as this one is the same as Bluetti’s lower-
powered model with 1,500 watt-hours, 
and it takes upward of 12 hours to refill 
the tank when plugged into a socket.
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Best Portable Option
Goal Zero Yeti 200X
$220
Capacity: 187 wh
Weight: 5 lb
Phone charges: 16

This is the power bank I take on shorter 
trips where I’ll be working remotely but 
won’t have 100 percent reliable access 
to outlets. It weighs just five pounds and 
fits in my car camping bin. It’s easy to 
plug in for drives between locations, 
and it’s also a solid backup to leave 
charged in a to-go bin in case you wind 
up somewhere without accessible power.

I use this for items like my phone, 
a small speaker, and headphones, but 
I’ve also powered my laptop on it for two 
full power cycles. It’s ideal for smaller 
devices but doesn’t deliver enough 
power to run larger appliances.

The Yeti 200X charges fully in eight 
hours via my car’s 12-volt charging 
port, and I’ve charged it fully in three 
hours with solar panels on a sunny day. 
It has just four ports—a 12-volt outlet, 
an AC port, and two USB ports—but it 
will suffice for most quick needs. Keep 
an eye on the charging capacity after a 
few seasons. I have started to notice it 
diminishing in the past year.

SH OP  HERE

Best Budget Option
Jackery Explorer 240
$222
Capacity: 240 wh
Weight: 6.6 lb
Phone charges: 24

Like the Goal Zero 200X above, this 
is a reasonably priced unit. It weighs 
just over six and a half pounds, and I’d 
recommend this for people heading 
out for an overnight or weekend who 
want to keep lower-powered devices 
charged. It’s also a great backup to leave 
stashed in a vehicle for emergencies, as 
it doesn’t take up too much space. I was 
surprised that you need to push buttons 
to activate the charging when you plug 
something in, so you’ll need to double-
check that your gear is actually getting 
power.

The handle is comfortable, and since 
this is such a small power bank, that 
handle alone is sufficient for moving it 
around. I’ve been able to fully charge 
this with the Jackery SolarSaga 60-watt 
solar panel in just under five hours, 
which is pretty rad for a power bank 
that can recharge an iPhone 24 times.

The Explorer 240 can charge multiple 
devices at once, with a USB-C port, two 
USB-A ports, and a 100-watt AC outlet. 
It’s one of the most portable on this list, 
and is also super convenient for fast 
charging for an overnight trip.
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Most Versatile
Goal Zero Yeti 1500X
$2,000
Capacity: 1,516 wh
Weight: 45 lb
Phone charges: 127

Optimized for campers who spend 
extended periods of time off the grid, 
this high-powered generator has a 600-
watt input, allowing it to fully charge 
in just a few hours. This model will 
run a full camper or serve as a reliable 
backup for home power, and the simple 
interface and charging adapters add to 
its appeal.

You can pair the 1500X with add-ons 
like Goal Zero’s Home Integration Kit, 
which connects to an in-house circuit 
breaker. It also works with the brand’s 
Expansion Module, which allows you to 
charge it via your vehicle’s alternator. 
This is a solid all-around pick for anyone 
who doesn’t want to be caught off guard 
with power needs and who would like 
a power bank that they can recharge 
multiple ways. 

This is one of the best-selling power 
stations on the market, with enough 
juice to run a full-size fridge for more 
than 28 hours or charge a smartphone 
127 times. It has more than 1,500 watt-
hours of capacity, meaning it’s also a 
stellar option for running a camper. It 
can recharge in as little as three hours 
when plugged into a wall using Goal 
Zero’s 600-watt Power Supply charger 
($199, sold separately).

Most User-Friendly 
Interface
BioLite BaseCharge 1500
$1,359
Capacity: 1,520 wh
Weight: 26.5 lb
Phone charges: 100+

A relative newcomer to the larger solar-
powered generator game, BioLite’s 
model weighs 26.5 pounds and has 
a sleek interface with easy-to-read 
metrics that let you know the charging 
status and available power at a glance. 
It also has a top-deck wireless charging 
pad that I used for my phone, which 
helped eliminate the tangle of cords 
when I had a bunch of other small items 
to charge at the same time.

This is a heavy unit, but it would 
feel clunkier to transport if it didn’t 
have side handles, and I secured it in 
my truck bed with one ratchet strap. 
The ventilation kicked in when I was 
powering more than one item, which 
helps prevent overheating—a good thing 
during car camping trips in the desert.

Like others here, this generator has 
MPPT tech to optimize charging speed 
when using solar panels. Wall charging, 
though, is slower than it is for some 
others; mine took a full overnight to 
fully replenish.

I tested this model last year on 
extended off-grid camping trips, 
using it to charge phones, speakers, 
headphones, and a laptop, and also to 
power a small refrigerator. It charges 
via a 100-watt solar panel in just four 
hours with good conditions, and also 
can fully charge off an AC outlet or the 
car’s 12-volt port.

BioLite also makes a weekend-
optimized version of this model, with 
622 watt-hours and a low weight of 13 
pounds. I haven’t tested the smaller 
model, but it’s gotten good feedback for 
efficient charging from people in my 
outdoors group.
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Fastest Charging
EcoFlow Delta 1300
$699
Capacity: 1,260 wh
Weight: 30.9 lb
Phone charges: 100+

Despite this power pack’s large capacity, 
you can recharge it incredibly fast 
using solar panels or an AC wall outlet. 
Topping it off using the sun’s rays (and 
100-watt solar panels) takes just four 
hours in good conditions and eight 
hours in less ideal weather. Plug it into 

https://www.amazon.com/dp/B083KBKJ8Q?th=1&linkCode=ll1&tag=pop-module-20&linkId=3fe927b8e5684c9fc8a6f632270df111&language=en_US&ref_=as_li_ss_tl
https://www.amazon.com/dp/B08Y5H9P3D?th=1&linkCode=ll1&tag=pop-module-20&linkId=904cba92df4756ecfe2651c7963f1d4e&language=en_US&ref_=as_li_ss_tl
https://go.skimresources.com?id=74968X1525083&xs=1&url=https%3A%2F%2Fwww.walmart.com%2Fip%2FGoal-Zero-Yeti-200X-Portable-Power-Station-187Wh-Lithium-Battery-Generator-120-Watt-AC-Inverter%2F686856752&xcust=applenews
https://www.amazon.com/dp/B07D29QNMJ?th=1&linkCode=ll1&tag=pop-module-20&linkId=8d3e5dad9044b07c856a1edc2bd273fa&language=en_US&ref_=as_li_ss_tl
https://www.amazon.com/dp/B0942NTZX7?th=1&linkCode=ll1&tag=pop-module-20&linkId=a283d02aa12aeea879112a748f184512&language=en_US&ref_=as_li_ss_tl
https://www.amazon.com/dp/B0933NWDNF?th=1&linkCode=ll1&tag=pop-module-20&linkId=356f4dd93ca7b8ed0ba822a6e042aa03&language=en_US&ref_=as_li_ss_tl


a standard outlet, and you can get this 
beast from empty to 80 percent in under 
an hour. 

The Delta also comes packed with 
the most ports (13!) of any power 
station on this list, perfect if you need 
to power and charge several devices in 
a short time. With 1,800 watts of total 
output and more than 1,200 watt-hours, 
the EcoFlow can charge almost any 
appliance you’d need for a car camping 
or overlanding trip. It can even power 
up an electric vehicle if you get stuck 
with no charging station in sight.
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TRE VOR R A AB (GROUP SHOT,  JACKERY E XPLORER 
1000,  GOAL ZERO YE TI  200X ,  JACKERY E XPLORER 
240,  GOAL ZERO YE TI  1500X ,  BIOLITE BASECHARGE 
1500,  GOAL ZERO YE TI  500X);  COURTESY (ECOFLOW 
DELTA 1300);  COURTESY (BLUE T TI  EB240)

Best for Weekend 
Warriors
Goal Zero Yeti 500X
$500
Capacity: 505 wh
Weight: 12.9 lb
Phone charges: 42

Goal Zero is a leader in the power bank 
market, and for good reason. Its reliable 
charging stations come in so many sizes 
and configurations that it’s hard to keep 
count. For those who can’t decide which 
model is right for them, the Yeti 500X is 
an attractive option that blends a lot of 
power in a modest package that’s plenty 
portable. This unit comes with an 
inverter to power standard household 
appliances, and it can recharge a 
smartphone over 40 times and a laptop 
10 times on one charge. It will power a 
small fridge, but not for long. This one is 
best for smaller devices on longer trips.
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https://go.skimresources.com?id=74968X1525083&xs=1&url=https%3A%2F%2Fwww.lowes.com%2Fpd%2FEcoFlow-EcoFlow-Delta-Power-Station%2F5005978543&xcust=applenews
https://www.amazon.com/dp/B085KRMCCY?th=1&linkCode=ll1&tag=pop-module-20&linkId=a67f7651a818ac9c8f14ec6f13fcc46a&language=en_US&ref_=as_li_ss_tl



