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ong-term	 interplanetary	 space	 travel	 and	 habitation	 produce	 enhanced	 risks	 to	
astronauts	as	a	result	of	the	high-energy	cosmic	rays	and	protons	unmitigated	by	any	thick	
planetary	atmospheres	and	protective	magnetic	fields	such	as	those	of	earth.	The	high-
energy	collisions	of	these	cosmic	rays	and	protons	with	thick	structures	and	thin	atmo-
spheres	produce	a	secondary	“beam”	of	charged	particle	fragments	and	neutrons	that	are	
more	numerous	than	the	incident	primary	particles.	since	1997,	ApL	has	been	developing	
a	compact,	real-time	neutron	energy	spectrometer	to	help	monitor	the	radiation	environ-
ment	inside	interplanetary	transport	vehicles	and	on	planetary	surfaces.

BACKGROUND
in	 1997,	 nAsA	 founded	 the	 national	 space	 bio-

medical	research	institute	(nsbri),1	a	consortium	of	
12	institutions,	to	study	human	health	problems	asso-
ciated	 with	 prolonged	 space	 travel	 and	 countermea-
sures	 to	 those	 risks.	ApL	and	the	hopkins	school	of	
medicine	are	charter	members	of	nsbri.	The	institute	
worked	with	nAsA	on	the	bioastronautics	roadmap2	
that	identifies	about	55	critical	risks	of	spaceflight	and	
categorizes	the	risks	into	12	risk	areas.	ApL	has	been	
involved	 in	 research	 in	 a	 number	 of	 these	 risk	 areas	
associated	with	 long	spaceflights	 including	bone	 loss3	
and	other	physiological	changes.4	This	article	discusses	
another	 problem	 for	 human	 space	 travel—radiation	
effects—and	ApL’s	role	 in	the	evolution	of	a	neutron	
energy	spectrometer	to	monitor	the	radiation	environ-
ment	likely	to	be	experienced	by	humans	within	trans-
port	vehicles	and	on	other	planetary	surfaces.

SCOPE OF INVESTIGATION
high-energy	charged	particles	of	extra-galactic,	galac-

tic,	and	solar	origin	collide	with	spacecraft	structures	in	
earth	 orbit	 outside	 the	 atmosphere	 and	 in	 interplan-
etary	 travel	 beyond	 the	 earth’s	 magnetosphere.	 These	
primary	particles	create	a	number	of	secondary	particles	
inside	the	structures	that	can	produce	a	significant	ion-
izing	radiation	environment.	This	radiation	is	a	threat	
to	 astronauts	 and	 others	 on	 long-term	 space	 missions	
and	produces	an	increased	risk	of	carcinogenesis,	acute	
and	late	central	nervous	system	risks,	DnA	damage,	and	
chronic	and	degenerative	tissue	risks.2,5	specifically,	the	
primary	 high-energy	 cosmic	 rays	 and	 trapped	 protons	
collide	with	spacecraft	materials	such	as	aluminum	and	
silicon	 to	 create	 secondary	 particles	 that	 are	 charged	
particle	 fragments	and	neutrons	 inside	 structures.	The	
effect	of	tens	of	grams	per	square	centimeter	of	structure	
or	 atmosphere	 is	 to	 convert	 and	 multiply	 the	 primary	
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proton	“beam”	into	a	secondary	environment	dominated	
by	neutrons.	charged	protons	are	readily	detected,	and	
instruments	are	already	in	existence	for	this	task.	neu-
trons	are	electrically	neutral	and	much	more	difficult	to	
detect.	These	neutrons	are	estimated	to	contribute	10–
30%	of	the	radiation	dose	inside	space	structures	such	as	
the	 international	 space	 station	 (iss)6	 and	 cannot	 be	
ignored.	currently	no	compact,	portable,	real-time	neu-
tron	detector	instrumentation	is	available	for	use	inside	
spacecraft	or	on	planetary	surfaces.

similar	 to	 the	 very	 low-energy	 thermal	 neutrons	
(0.025	eV)	at	sea	level	on	earth,	the	much	higher-energy	
neutrons	in	space	can	readily	penetrate	into	the	human	
body	where	they	are	moderated	or	slowed	by	body	tissue,	
which	 is	 primarily	 water.	 Whereas	 thermal	 neutrons,	
which	must	be	captured	by	elements	such	as	lithium	or	
boron	 (rare	 in	 the	 human	 body)	 to	 deposit	 significant	
energy,	 the	 high-energy	 neutrons	 are	 readily	 scattered	
and	slowed.	They	then	have	a	much	greater	probability	
of	interacting	by	elastic	or	inelastic	reactions	and	depos-
iting	significant	energy	in	the	soft	organ	tissue	near	the	
center	of	the	body	(e.g.,	liver	and	spleen).	Therefore,	the	
carcinogenesis	risk	is	significantly	greater	for	such	criti-
cal	body	organs	than	on	earth’s	surface	where	the	envi-
ronment	is	dominated	by	thermal	neutrons.	

other	biological	radiation	effects	of	concern	for	astro-
nauts	are	the	possible	breakage	of	DnA	double	strands	
caused	by	single	hits	of	neutrons,	protons,	and	massive	
heavy	ions,	which	could	produce	latent	genetic	defects,	
and	damage	to	localized	areas	of	the	brain,	which	may	
cause	latent	perceptual	problems	or	immediate	seizures.2	
This	latter	biological	effect	is	akin	to	the	damage	experi-
enced	in	integrated	circuit	memories	by	the	single-event	
effects	 resulting	 from	 single	 neutron,	 proton,	 or	 heavy	
ion	strikes	in	space.

in	a	February	2004	 interview,	Dr.	Frank	cucinotta,	
the	 chief	 radiation	 officer	 at	 nAsA	 Johnson	 space	
center,	 stated	 that	 nAsA	 weighs	 radiation	 danger	 in	
units	of	cancer	risk.	A	healthy	40-year-old	nonsmoking	
male	has	a	20%	chance	of	eventually	dying	from	cancer.	
The	added	risk	of	a	1000-day	mars	mission	is	somewhere	
between	1%	and	19%,	with	the	large	uncertainty	a	result	
of	the	lack	of	knowledge	about	how	the	human	body	will	
react	to	increased	levels	of	ionizing	radiation.	The	odds	
are	worse,	nearly	double,	 for	 female	astronauts	because	
of	the	sensitivity	of	the	breasts	and	ovaries	to	radiation.	
obviously,	 a	40%	chance	of	 a	 life-ending	 cancer	 after	
return	 to	 earth	 is	 unacceptable	 to	 Dr.	 cucinotta	 and	
nAsA.	

in	 the	 nAsA	 bioastronautics	 roadmap,2	 radiation	
effects	on	humans	are	of	the	greatest	concern	for	a	mars	
mission.	risks	addressed	by	monitoring	the	astronauts’	
environments	are	as	follows:

•	 risk	28:	carcinogenesis,	 i.e.,	 increased	cancer	mor-
tality	caused	by	radiation—priority	1

•	 risk	 29:	 Acute	 and	 late	 radiation	 damage	 to	 the	
central	nervous	system,	including	changes	in	motor	
function	and	neurological	disorders—priority	1

•	 risk	30:	Degenerative	 tissue	disease,	 including	car-
diac	and	digestive	diseases	and	cataracts—priority	1

•	 risk	 31:	 Acute	 radiation	 syndromes	 from	 intense	
solar	particle	events	or	synergistic	effects	from	expo-
sure	to	radiation,	microgravity,	and	other	spacecraft	
environmental	factors—priority	1

There	 are	 two	 critical	 physical	 questions	 related	 to	
these	biological	risks:	

1.	 how	do	the	thickness,	design,	and	material	compo-
sition	of	space	vehicles	affect	the	internal	radiation	
environment	and	biological	assessment?

2.	 What	 are	 the	 risks	 from	 energetic	 solar	 particle	
events,	and	what	impact	do	they	have	on	operations,	
extra-vehicular	activity,	and	surface	exploration?

monitoring	 of	 the	 neutron	 environment	 helps	 supply	
data	 to	 answer	 these	 questions	 and	 to	 enable	 radio-
biologists	 to	 assess	 the	 increased	 risk	 of	 cancer	 for		
astronauts.	

An	allied	topic	of	investigation,	in	addition	to	mon-
itoring	the	existing	neutron	environment	inside	space	
vehicles	 or	 on	 planetary	 surfaces,	 is	 how	 to	 design	
vehicles	and	habitats	so	as	to	minimize	the	transfor-
mation	and	multiplication	of	the	primary	cosmic	ray	
beam.7,8	After	collision	with	thick	structures,	the	total	
secondary	radiation	environment	of	charged	particle	
fragments	and	neutrons	has	a	higher	flux	than	the	pri-
mary	cosmic	ray	beam.	in	addition,	the	lower	energies	
of	these	secondaries	increase	their	probability	of	inter-
action	in	astronauts’	bodies.	structural	and	shielding	
materials	 should	be	chosen	 to	minimize	 the	produc-
tion	of	neutrons	and	heavy	ion	fragments	in	the	energy	
ranges	that	pose	the	greatest	threat	for	deposition	of	
radiation	dose	or	dose	equivalent	in	the	human	body.	
recent	accelerator	experiments	have	shown	that	alu-
minum,	the	most	commonly	used	spacecraft	material,	
is	the	worst	with	respect	to	the	production	of	second-
ary	high-energy	neutrons.9	since	 it	 is	 impractical	 to	
create	 a	 habitat	 thickness	 that	 is	 equivalent	 to	 the	
range	of	 the	 incident	high-energy	cosmic	 rays	(hun-
dreds	of	 centimeters	 in	water	or	 aluminum),	 current	
efforts	for	space	habitat	design	concentrate	on	materi-
als	with	high	hydrogen	content	for	efficient	protection	
from	neutrons	and	protons	and	high	atomic	number/
atomic	mass	ratio	for	electronic	scattering	of	charged	
particles.		

Dr.	Tracy	Yang	of	Johnson	space	center	stated	that	
nAsA’s	greatest	need	 for	knowledge	of	 the	astronaut’s	
long-term	radiation	environment	was	a	compact	neutron	
energy	spectrometer.	instrument	development	began	in	
may	1997.
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NEUTRON SPECTROMETER  
HARDWARE DESIGN

ApL	originally	proposed	 to	design	and	build	 a	por-
table,	 low-power,	 robust	 neutron	 spectrometer	 that	
would	 measure	 the	 neutron	 spectrum	 from	 20	 keV	 to	
500	meV	with	at	least	10%	energy	resolution.	covering	
such	a	large	spectrum,	however,	requires	more	than	one	
detector	system.	our	initial	concept	was	for	two	detec-
tor	 systems:	 a	 helium-3	 (3he)	 proportional	 counter	 for	
low-energy	neutrons	(10	keV–5	meV)	and	a	silicon	solid-
state	detector	for	neutrons	in	the	range	of	several	meV	
to	500	meV.	 it	became	apparent	 that	 the	 low	neutron	
capture	cross	section	of	the	3he	tube	above	1	meV	and	
the	 inherent	 noise	 floor	 in	 the	 silicon	 detector	 below		
10	meV	made	it	desirable	to	use	a	third	detector	system	
in	the	“fast”	neutron	region	between	1	and	10	meV.	We	
selected	a	plastic	organic	bicron	454	scintillator	detec-
tor	for	the	fast	neutron	region.	since	the	bicron	454	is	
a	scintillator,	a	photomultiplier	tube	must	be	mated	to	it	
to	detect	and	collect	the	light	produced	by	the	neutron	
interactions.	

in	February	2003	our	concept	for	a	mars	Lander	neu-
tron	 spectrometer	 was	 published.10	 Figure	 1	 shows	 our	

proposed	instrument	concept	for	the	subsequently	can-
celled	mars	2003	Lander.

The	 high-energy	 spectrometer	 (hes)	 detects	 neu-
trons	in	the	energy	range	from	several	meV	to	500	meV.	
its	primary	detector	is	a	5-mm-thick	lithium-drifted	sili-
con	detector	that	produces	a	pulse	height	proportional	
to	 the	 charge	 or	 energy	 deposited	 by	 neutron–silicon	
atom	 elastic	 and	 inelastic	 collisions.	 From	 the	 start	 it	
was	 recognized	 that	 an	 anti-coincidence	 shield/circuit	
would	 be	 necessary	 to	 discriminate	 against	 charged	
particles	 depositing	 energy	 in	 the	 thick	 silicon	 detec-
tor	and	that	it	would	have	to	be	quite	efficient	to	keep	
the	 signal-to-noise	 ratio	 reasonable.	 consequently,	 we	
designed	and	fabricated	a	cesium	iodide	(csi)	cylindri-
cal	detector	scintillating	tube	that	snugly	contained	the	
5-mm-thick	detector.	We	were	able	to	successfully	oper-
ate	 and	 evaluate	 the	 combined	detector	 system	at	 the	
indiana	 university	 cyclotron	 Facility	 (iucF)	 in	 sep-
tember	2001	using	200-meV	protons	and	at	the	colum-
bia	university	radiological	research	Accelerator	Facil-
ity	 (rArAF)	 in	november	2001	with	10-	 to	20-meV	
neutrons.	 We	 found	 that	 the	 detector	 system	 and	 the	
associated	 front-end	 electronics	 could	 operate	 up	 to	 a	
maximum	data	rate	of	3	khz.

The	medium-energy	spectrometer	(mes,	not	shown	
in	 Fig.	 1)	 detects	 neutrons	 in	 the	 energy	 range	 of		
1–10	meV.	The	detector	consists	of	the	bicron	454	plas-
tic	organic	 scintillator	as	mentioned	earlier.	The	mes	
uses	a	simple	technique	to	ensure	that	an	event	in	the	
detector	is	caused	by	a	neutron.	To	first	order,	a	neutron	
enters	 the	 detector	 and	 scatters	 off	 multiple	 hydrogen	
atoms.	This	scattering	thermalizes	the	neutrons.	After	a	
short	time	these	very	low-energy	neutrons	may	be	cap-
tured	by	the	boron-loaded	scintillator.	The	neutron	cap-
ture	has	a	standard	pulse	height	associated	with	it.	The	
time	 between	 the	 thermalizing	 and	 capturing	 of	 the	
neutron	is	related	to	the	amount	of	boron	in	the	detec-
tor	and	can	be	characterized	at	rArAF	using	neutrons	
of	known	energies.	Therefore,	the	technique	to	ensure	
that	 a	 neutron	 caused	 an	 event	 is	 a	 time-correlated	
double	pulse	 from	 the	detector,	with	 the	 second	pulse	
having	the	characteristics	of	a	capture.	This	technique	
has	a	 few	parasitic	problems.	one,	not	all	 thermalized	
neutrons	are	captured;	we	call	these	“escapes.”	Two,	it	is	
possible	for	two	events	within	the	detector	to	simulate	
a	neutron	event.	modeling	and	calibration	are	used	to	
characterize	the	escapes	and	aliasing.

The	low-energy	spectrometer	(Les)	detects	neutrons	
from	 10	 keV	 up	 to	 1	 meV	 and	 consists	 of	 a	 3he	 pro-
portional	 counter	 tube.	 rise-time	 techniques	 are	 used	
on	the	output	pulse	of	 the	3he	tube	to	determine	 if	a	
neutron	 created	 the	 event	 within	 the	 detector.	 There	
are	two	dominant	reaction	modes	of	a	neutron	with	3he	
(ref.	11).	one	is	an	absorption	mode	that	breaks	the	3he	
into	 a	 proton	 and	 triton,	 releasing	 764	 keV	 of	 kinetic	
energy	 to	 the	 products	 of	 the	 reaction.	 Therefore,		

Figure 1.  Proposed neutron spectrometer instrument design for 
the subsequently cancelled Mars 2003 Lander mission. The two 
detectors shown are a 3He gas proportional counter tube for the 
low-energy neutrons and a pair of thick lithium-drifted (Si(Li)) sili-
con detectors inside the cesium-iodide tellurium-doped (Csi(T,)) 
scintillator veto enclosure for the high-energy neutrons. The scintil-
lator light is collected by a pair of silicon (Si-PiN) photodiodes. The 
electronics module contains high-energy spectrometer (HES) and 
low-energy  spectrometer  (LES)  analog  processing,  a  data  pro-
cessing unit  (DPU), a spacecraft  interface, power switching and 
conversion, and low- and high-voltage power supplies (HVPS).  
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thermal	 or	 epi-thermal	 neutrons	 will	 produce	 a	 pulse	
height	proportional	to	764	keV,	which	serves	as	a	useful	
calibration	 tool.	 higher-energy	 neutrons	 can	 also	 be	
absorbed	 within	 the	 gas,	 releasing	 764	 keV	 plus	 the	
incoming	neutron	energy	in	the	reaction	products.	The	
second	main	reaction	mode	is	3he	target	recoils.	neu-
trons	 or	 charged	 particles	 can	 elastically	 scatter	 from	
a	3he	atom	and	deposit	energy	in	the	detector’s	 sensi-
tive	 volume.	 helium-3	 absorption	 reactions	 normally	
produce	longer	rise	times,	so	knowing	the	rise	time	for	
each	event	is	important.	known	incident	neutron	ener-
gies	are	used	at	rArAF	to	calibrate	rise	times	and	pulse	
heights.	modeling	is	also	used	to	correct	the	raw	data.

THICK SILICON DETECTOR 
RESPONSE FUNCTION

We	 performed	 experiments	 with	 high-energy	 neu-
trons	 (20–800	 meV)	 at	 Los	 Alamos	 neutron	 science	
center	(LAnsce)	in	August	2000	and	determined	the	
response	function	of	the	5-mm-thick	silicon	detector	for	
these	neutrons.	We	observed	an	efficiency	enhancement	
in	the	thick	silicon	detector	as	a	result	of	pion	creation	
above	neutron	energies	of	300	meV	as	expected.	After	
successfully	deconvolving	the	energy	deposition	spectra	
in	the	silicon	detector	to	deduce	the	most	probable	inci-
dent	neutron	energy	spectra	and	comparing	them	to	the	
LAnsce	beam	monitor	results,	we	ran	a	blind	experi-
ment	in	which	we	had	no	knowledge	of	the	beam	char-
acteristics.	 our	 deconvolution	 procedure	 successfully	
deduced	the	blind	experiment	neutron	energy	spectrum	
established	by	LAnsce	calculations	(Fig.	2).	

We	published	our	basic	spectrum	inversion	method-
ology	in	a	February	2003	article.12	The	methodology	is	

based	on	measurement	of	the	detector	response	function	
for	high-energy	neutrons	and	inversion	of	this	response	
function	with	measured	deposition	data	to	deduce	neu-
tron	energy	spectra.

neutrons,	 being	 electrically	 uncharged,	 do	 not	
directly	deposit	energy	in	detectors.	instead,	some	reac-
tion	with	the	neutron	must	occur	that	creates	charged	
secondary	particles	or	energetic	photons	for	the	neutron	
to	be	detected.	For	high-energy	neutrons,	these	second-
ary	particles	deposit	a	distribution	of	energies	in	a	detec-
tor	for	a	given	incident	neutron	energy.	The	response	of	
the	detector	captures	the	deposited	energy	distributions	
for	mono-energetic	neutron	exposures	and	can	be	used	
to	predict	energy	deposition	in	the	detector	from	a	gen-
eral	exposure	using

	 C c A Ei ij ij j j
jj

= = ∆∑∑ w , 	 (1)

where	 Ci	 is	 the	 number	 of	 events	 depositing	 energy	
in	 the	detector	 for	 the	 ith	deposited	energy	bin,	Aij	 is	
the	 matrix	 form	 of	 the	 detector	 response,	 and	 wjDEj	
is	 the	 total	 number	 of	 neutrons	 in	 the	 jth	 incident		
energy	bin.

To	measure	a	neutron	spectrum,	the	count	spectrum	
Ci	 for	 a	 source	environment	 is	measured,	 and	eq.	1	 is	
inverted	with	the	known	response	matrix	to	give	wjDEj,	
the	 unknown	 neutron	 energy	 spectrum.	 The	 silicon	
detector	 spectrum	 in	Fig.	2	was	determined	using	 this	
process.	We	have	found	that	standard	matlab	inversion	
routines	using	 iterative	techniques	give	good	estimates	
of	neutron	spectra	from	eq.	1.

While	 the	 LAnsce	 experiments	 provided	 a	 good	
measure	of	the	response	matrix	for	the	5-mm	si	detector,	
the	results	are	unique	to	that	detector.	Therefore,	we	used	
the	clemson	university	proton	interactions	in	Devices	
(cupiD)	computer	model	to	predict	the	response	of	a	
generic	5-mm-thick	detector.13	cupiD	uses	a	cascade-
evaporation	model	of	 the	underlying	nuclear	 reactions	
to	predict	secondary	particle	generation,	track	the	sec-
ondaries	through	the	volume,	and	calculate	total	energy	
deposition	from	all	particles	associated	with	individual	
reactions.	The	highest	energy	deposition	from	each	neu-
tron	 energy	 bin	 predicted	 by	 cupiD	 is	 shown	 in	 Fig.	
3,	along	with	the	actual	highest	deposition	measured	in	
the	LAnsce	experiments	 for	 the	 same	neutron	ener-
gies.	clearly,	 this	model	 fails	 to	 accurately	predict	 the	
response.

pions	 are	 generated	 in	 nuclear	 reactions	 when	 the	
incident	neutron	energy	 is	 above	about	250	meV,	and	
any	generated	pions	in	our	detector	will	not	deposit	sig-
nificant	energy	in	the	reaction.	Therefore,	pion	genera-
tion	represents	a	loss	of	deposited	energy	not	accounted	
for	in	the	cupiD	model.	As	part	of	this	research	effort,	a	
new	version,	called	pion	(later	picupiD),	was	developed	
that	did	include	pion	generation.	As	seen	in	Fig.	3,	pion	

Figure 2.  Results  from  the  Los  Alamos  blind  experiment.  The 
neutron fluence spectrum was modified by changing the switch-
yard moderators without  the experimenters’ knowledge. The sili-
con detector spectrum was determined by our response function 
methodology, while the Los Alamos calculation is based on Monte 
Carlo  N-particle  code  calculations  for  the  particular  switchyard 
moderator.
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does	faithfully	predict	the	detector	response.	picupiD	
has	also	been	used	successfully	to	generate	the	response	
matrix	 for	a	much	smaller	silicon	detector	used	in	the	
crres	(combined	release	and	radiation	effects	sat-
ellite)	 micro-electronics	 package	 pulse	 height	 Ana-
lyzer14	to	explore	the	relative	contribution	of	low-energy	
protons,	 high-energy	 protons,	 and	 galactic	 cosmic	 ray	
environments	 in	 near-earth	 orbit	 and	 to	 evaluate	 the	
accuracy	of	standard	nAsA	trapped	proton	models.

The	effect	of	pions	demonstrated	by	the	comparison	
with	 experimental	 data	 has	 a	 larger	 implication.	 The	
high-energy	 particle	 transport	 codes	 being	 developed	
by	 nAsA	 for	 simulation	 of	 the	 environments	 inside	
large	 manned	 space	 vehicles	 and	 planetary	 habitats	
must	 accurately	 use	 the	 correct	 partition	 of	 energy	 in	
each	generation	of	interaction	during	transport	through	
material	combinations.	our	results	emphasize	the	need	
to	treat	the	pion	component	correctly.

FLIGHT TESTING

Aircraft Flights
As	 a	 product	 of	 our	 initial	 nsbri	 funding	 during	

fiscal	 years	 1998–2001	 we	 designed	 and	 fabricated	 an	
engineering	 prototype	 neutron	 spectrometer	 that	 was	
flown	 on	 F-15	 and	 F-18	 aircraft	 from	 nAsA	 Dryden	
Flight	 center.	 The	 spectrometer	 consisted	 of	 both	
low-	 and	 high-energy	 subsystems.	 Low-energy	 neu-
trons	 (0.025	 eV–1	 meV)	 were	 detected	 using	 the	 3he	
gas	tube	and	included	thermal	and	epithermal	neutrons.		

high-energy	neutrons	(5–800	meV)	were	detected	using	
a	5-mm-thick	lithium	drifted	silicon	solid-state	device.	
both	 low-	 and	 high-energy	 spectrometers	 underwent	
ground-based	evaluation	and	calibration	using	radioac-
tive	sources	and	accelerator	facilities.

The	aircraft	neutron	spectrometer	was	flown	on	two	
flights	 on	 13	 and	 14	 August	 2001	 in	 a	 pod	 under	 the	
wing	of	the	F-18.	A	third	successful	flight	in	the	same	
pod	 under	 the	 fuselage	 of	 the	 F-15	 was	 executed	 in	
october	2001.	As	expected,	the	neutron	flux	increased	
dramatically	as	the	aircraft	achieved	a	40,000-ft	altitude	
(Fig.	4).	The	main	result	from	the	three	flights	was	the	
verification	of	our	engineering	design,	not	 the	 limited	
data	obtained	because	of	 the	 short	 duration	 (≈2	h)	of	
the	flights.	The	value	for	our	hardware	was	the	proven	
approach	in	handling	high	voltage	at	the	high-altitude	
corona	region	to	be	used	for	balloon	flights.

Balloon Flights
efforts	in	2002	and	2003	were	directed	at	designing	

and	fabricating	a	neutron	spectrometer	for	high-altitude	
balloon	flights.	The	electronics	were	made	more	robust	
and	 compact	 for	 the	 balloon	 flight	 instrument.	 The	
detector	 suite	was	changed	to	 include	an	mes	for	 the		
fast	neutrons	in	the	1-	to	20-meV	energy	range	in	addi-
tion	to	the	thick	silicon	detector	for	the	>20-meV	neu-
tron	 energies.	 The	 3he	 tube	 was	 not	 included	 for	 the	
low-energy	neutrons	(10	keV–1	meV)	since	this	conven-
tional	system	had	been	validated	on	the	aircraft	flights	
and	will	be	readily	available	for	future	flight	efforts.	The	
mes,	as	noted	earlier,	was	a	bicron	454	plastic	scintilla-
tor	detector	system	that	borrows	from	the	development	
of	a	 similar	 system	 for	 the	ApL	unmanned	messen-
ger	mission	to	mercury.	sophisticated	energy	deposi-
tion	signal	time	discrimination	allowed	both	scattering	
and	capture	peaks	of	the	neutrons	in	the	bicron	detec-
tor	to	be	observed	for	individual	counts	and	energies.	

balloon	 flights	 were	 executed	 from	 Fort	 sumner,	
new	 mexico,	 at	 an	 altitude	 of	 85,000	 ft	 on	 two		

Figure 3.  Comparison  of  two  models  (CUPID  and  Pion)  of 
the  detector  response  matrix  with  results  from  the  LANSCE  
experiments. 

Figure 4.  Aircraft flight 3He tube counts versus DPU time. Note 
that the counts are the count rate integrated for 30 s. 

0 100

100

200

300

400

500

0
200 300

Incident neutron energy (MeV) 

LANSCE data 

CUPID model 

Pion model 

M
ax

im
um

 e
ne

rg
y 

de
po

si
tio

n 
(M

eV
) 

400 500 600

0
10:45:00 11:20:00 11:55:00

Count rate 

Altitude

A
irc

ra
ft 

al
tit

ud
e 

(1
00

0 
ft)

 

C
ou

nt
/(

30
 s

) 

DPU time 
12:30:00

20

40

60

80

120 42

35

28

21

14

7

0

100



Johns	hopkins	ApL	TechnicAL	DigesT,	VoLume	27,	number	1	(2006)	 61

The	nsbri/ApL	neuTron	energY	specTromeTer

occasions:	 9	 october	 2002	 and	 9	 october	 2003.	 The	
85,000-ft	 altitude	 was	 chosen	 since	 the	 amount	 of	
atmosphere	 remaining	 (≈20	 g/cm2)	 is	 the	 same	 as	 the	
amount	of	carbon	dioxide	at	the	surface	of	mars	and	was	
expected	to	yield	a	reasonable	simulation	of	the	down-
ward	 neutron	 spectrum	 on	 mars.	 The	 october	 2002	
flight	did	not	yield	any	useful	scientific	data	as	a	result	
of	 engineering	 problems	 with	 the	 high-voltage	 con-
nection	to	 the	silicon	detector	and	ground	 loop	 issues	
between	the	electronics	and	the	aluminum	container	of	
the	instrument.

During	January	to	April	2003	we	improved	our	bal-
loon	flight	instrument	design	and	made	it	more	robust	
and	 reliable.	 We	 qualified	 it	 for	 flight	 at	 the	 national	
scientific	balloon	Facility	at	Fort	sumner	in	may	2003.	
The	october	2003	balloon	flight	at	85,000	ft	for	approx-
imately	20	h	of	float	time	yielded	useful	scientific	data	
from	the	thick	silicon	detector	for	high-energy	neutrons.	
The	balloon	flight	instrument	is	shown	in	Fig.	5.	Figure	
6	is	a	photograph	of	the	launch	with	our	payload	at	the	
bottom	on	a	 gondola.	both	balloon	 and	payload	were	
recovered.	

initial	 analysis	 showed	 that	 we	 obtained	 a	 highly	
moderated	neutron	energy	spectrum,	with	the	majority	
of	neutrons	in	the	energy	range	between	20	and	35	meV.	
modeling	of	 the	detector	 shielding	 geometry	 is	neces-
sary	to	deduce	the	spectrum	incident	on	the	instrument	
container	relative	to	that	measured	at	the	detector	loca-
tion.	This	modeling	includes	the	inherent	shielding	of	
our	aluminum	instrument	package,	the	1	atmosphere	of	
air	pressure	 inside	 the	container,	and	 the	csi	charged	
particle	 discrimination	 scintillator	 that	 surrounds	 the	
silicon	detector.	Figure	7	is	a	diagram	of	the	components	
of	 the	 radiation	environment	 that	must	be	considered	
when	deducing	the	neutron	spectrum	incident	upon	the	

Figure 5.  October 2003 balloon flight instrument.  

Figure 6.  October 2003 launch of the helium-filled balloon. The 
parachute enables a safe payload (on the gondola at the bottom) 
return. The balloon started east from Fort Sumner, New Mexico, 
then  turned around, headed west, and was brought down near 
Soccoro, New Mexico, approximately 120 mi from the launch site, 
after 24 h. 

spectrometer	from	the	one	observed	
at	the	thick	silicon	detector.	

preliminary	simulations	with	the	
geAnT	 (geometry	 And	 Track-
ing)	 code15	 are	 aimed	 at	 produc-
ing	an	energy	deposition	 spectrum	
for	 the	 thick	 silicon	 detector	 with	
transport	through	all	the	surround-
ing	 materials	 taken	 into	 consider-
ation.	 The	 incident	 spectrum	 that	
produces	 the	 observed	 deposition	
spectra	 is	 the	 most	 probable	 neu-
tron	spectrum	at	85,000	ft	or	under	
20	g/cm2	of	atmosphere.		

The	deconvolved	neutron	energy	
spectrum	for	the	5-mm-thick	silicon	
detector	inferred	using	the	measured	
detector	 response	 function	 is	 the	
most	 probable	 spectrum	 observed	
at	 the	detector	 location.	modeling	
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will	enable	us	to	estimate	the	contributions	of	second-
ary	neutrons	produced	by	the	instrument	package	so	we	
can	distinguish	these	neutrons	from	those	produced	by	
the	atmosphere.	modeling	will	also	allow	us	to	correct	
for	 the	 number	 of	 primary	 and	 secondary	 cosmic	 ray	
ions,	ion	fragments,	and	photons	that	may	have	escaped	
the	csi	anti-coincidence	detector	in	the	balloon	flight		
configuration.	

SPACECRAFT SHIELDING MATERIAL 
STUDIES

in	January	2000	we	were	notified	that	the	proposal	
we	had	 submitted	 to	nAsA,	 “Development	of	 a	neu-
tron	 spectrometer	 to	 Assess	 biological	 radiation	
Damage	behind	spacecraft	materials,”	would	be	funded	
for	3.5	years,	from	may	2000	to	november	2003.	For	the	
evaluation	of	spacecraft	structural	and	shielding	materi-
als	we	built	a	two-detector	stack	version	of	the	neutron	
spectrometer	compatible	with	ground-based	accelerator	
research.16	since	an	accelerator	beam	is	unidirectional	
compared	 to	 the	 omnidirectional	 space	 environment,	
the	 charged	 particle	 veto	 detector	 can	 just	 be	 a	 thin	
silicon	transmission	detector	in	front	of	the	5-mm-thick	
silicon	detector.	We	verified	its	 successful	operation	at	
the	rArAF	 in	november	2001,	 then	proceeded	with	
spacecraft	shielding	experiments	using	200-meV	proton	
beams	at	the	iucF	in	november	2002	and	november	
2003	and	500-meV	proton	beams	at	TriumF	in	Van-
couver,	canada,	in	september	2003.	(TriumF,	which	

originally	 stood	 for	Tri-university	
meson	Facility,	has	since	expanded	
to	 include	 many	 more	 members.)	
Aluminum,	 carbon,	 and	 polyethyl-
ene	block	targets	were	used	to	simu-
late	spacecraft	materials.

beam	currents	at	both	TriumF	
and	 iucF	 were	 generally	 on	 the	
order	of	0.1–0.2	nA,	yielding	proton	
fluxes	 in	 the	 range	 of	 5	3	106	 to	
2	3	107	protons	per	cm2?s.	sufficient	
shield	material	was	used	so	that	the	
200-meV	 primary	 proton	 beam	 at	
iucF	 was	 completely	 absorbed	 at	
normal	 incidence	 or	 0°	 and	 could	
not	 interfere	 with	 the	 neutron	
detection	 by	 excessively	 triggering	
the	front	silicon	transmission	detec-
tor,	thereby	causing	a	high	charged	
particle	veto	rate.	

The	 experiments	 were	 carried	
out	 by	 putting	 detectors	 at	 evenly	
spaced	angles	in	the	forward	hemi-
sphere	 a	 distance	 of	 31.8	 cm	 from		
the	exit	 face	of	 the	 shield	material	
block,	with	the	detector	stack	aligned	

Figure 7.  Diagram of the neutron energy spectrometer showing the components of the 
natural environment at an altitude of 85,000 ft that can contribute to events in the thick 
silicon detector (PMT = photo-multiplier tube).

on	the	center	line	for	the	appropriate	angle.	The	result-
ing	thicknesses	of	aluminum,	polyethylene,	and	graphite	
were	in	the	12.7-	to	33.0-cm	range,	resulting	in	areal	den-
sities	of	34.4	g/cm2	for	aluminum,	30.9	g/cm2	for	graph-	
ite,	30.7	g/cm2	for	polyethylene,	and	36.9	g/cm2	for	the	
aluminum/polyethylene	 combination.	 Fortunately,	 this	
range	 of	 areal	 densities	 encompasses	 the	 amount	 of	
shielding	present	inside	the	iss,	so	the	neutron	spectra	
produced	by	 the	protons	 should	 be	 representative	 and	
relevant	to	the	iss	radiation	environment.	

The	results9	yielded	neutron	production	energy	spec-
tra	showing	the	reduced	yield	from	carbon-based	mate-
rials	and	the	moderating	(scattering)	effects	of	polyeth-
ylene	when	compared	to	aluminum.	our	data	validate	
the	recent	conclusion	about	aluminum	being	the	 least	
suitable	 spacecraft	 material	 with	 respect	 to	 increased	
neutron	production	and	human	radiation	effects.

As	 an	 example,	 Fig.	 8	 shows	 the	 normalized	 (neu-
trons	produced	over	a	small	solid	angle	centered	at	0°	or	
30°	per	incident	proton	on	the	front	face	of	the	material	
block)	integral	neutron	production	energy	spectra	at	or	
near	 the	 forward	direction	 for	 aluminum,	carbon,	 and	
polyethylene	at	200	and	500	meV.	There	are	no	signifi-
cant	differences	between	materials	at	500	meV,	where	a	
major	portion	of	the	proton	beam	can	pass	through	the	
thick	target	without	interacting.	however,	at	200	meV,	
where	the	proton	beam	is	stopped	even	at	0°,	aluminum	
produces	a	factor	of	5–20	more	neutrons	above	100	meV.	
At	the	higher	neutron	energies,	carbon	by	itself	 is	 the	
equivalent	of	polyethylene;	below	50	meV,	polyethylene	
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moderates	 and	 reduces	 the	 neutron	 production	 com-
pared	to	both	aluminum	and	carbon.

similar	 data	 on	 polyethylene	 at	 large	 angles	 (60°		
from	the	beam-target	axis)	show	the	significant	moder-
ating	 effect	of	polyethylene,	which	 results	 in	neutrons	
being	 scattered	 from	 the	 forward	 direction	 to	 lateral	
directions.	 At	 60°	 there	 is	 a	 reduction	 in	 neutrons	 in	
the	 45-	 to	 135-meV	 energy	 range,	 with	 a	 consequent	
increase	 in	 the	 number	 of	 neutrons	 in	 the	 14-	 to	 45-
meV	energy	range.

Thus,	 the	 effect	 of	 angle	 is	 complex	 and	 exhibits	
a	 strong	 interaction	 with	 the	 type	 of	 material.	 While	
polyethylene	 reduces	 the	 neutron	 flux	 in	 the	 forward	
direction,	it	increases	the	flux	at	large	angles	from	the	
beam	direction	below	about	50	meV.	note	that	neutrons	
with	energy	less	than	20	meV	are	considered	more	dam-
aging	for	biological	effects.	The	ultimate	solution	to	the	
space	habitat	shielding	problem	will	be	an	optimization	
of	the	material(s)	and	thickness	that	minimizes	the	flux,	
or	 fluence,	 of	 charged	 particles,	 charged	 particle	 frag-
ments,	and	neutrons	in	the	appropriate	energy	range(s)	
and	consequently	minimizes	the	dose	equivalent	to	the	
astronauts.	modeling	with	sophisticated	particle	trans-
port	codes	will	be	a	major	part	of	this	effort.

CURRENT R&D

Combined Ion and Neutron Spectrometer 
in	march	2004	we	were	notified	by	nsbri	that	our	

proposal	to	develop	a	combined	ion	and	neutron	spec-
trometer	 (cins)	 for	 a	potential	 compact	global	 radia-
tion	monitor	would	be	funded	for	4	years.	The	specific	
objectives	are	to

•	 Design	 and	 fabricate	 a	 prototype	 cins	 for	 space	
applications

•	 calibrate	and	evaluate	the	response	functions	of	the	
cins	detector	systems	using	ground-based	accelera-
tor	beams	of	appropriate	type	and	energy

Figure 8.  Neutrons produced over a small solid angle per  inci-
dent 200- or 500-MeV proton for three different spacecraft mate-
rial blocks near the forward or beam direction.

•	 use	cins	in	a	ground-based	accelerator	comparison	
with	traditionally	used	space	instrumentation	such	as	
the	tissue	equivalent	proportional	counter

•	 examine	 the	 effects	 of	 baseline	 and	 new	 radiation	
shielding	materials	as	countermeasures	by	measuring	
charged	 and	 neutral	 secondary	 particle	 generation	
from	a	simulated	space	environment

The	 prototype	 instrument	 will	 be	 developed	 using	
heritage	 from	 the	 neutron	 energy	 spectrometer	 devel-
oped	 under	 previous	 nsbri	 grants	 described	 above,	
instrument	electronics	from	unmanned	spacecraft	mis-
sions	such	as	messenger,	and	the	design	and	opera-
tion	of	the	mars	odyssey	orbiter	mArie	(mars	radia-
tion	environment	experiment)	instrument.	

mArie	has	 three	significant	problems.	(1)	pream-
plifier	gains	are	too	high,	so	that	hits	from	any	heavy	
ion	with	linear	energy	transfer	>35	keV	per	micrometer	
of	path	 length	 result	 in	 saturation	of	 the	electronics.		
(2)	 The	 trigger	 detectors	 are	 noisy,	 so	 the	 thresholds		
must	be	kept	high	to	avoid	an	excessive	event	rate	due	
to	spurious	triggers;	the	high	thresholds	then	cause	the	
detector	 to	 be	 blind	 to	 protons	 with	 energies	 above	
about	 100	 meV,	 and	 the	 exact	 energy	 cutoff	 is	 not	
well	 known	 or	 easily	 determined.	 (3)	 The	 event	 rate	
is	 limited	to	about	three	per	second,	adequate	during	
times	when	the	sun	is	not	active	or	even	moderately		
active,	 but	 inadequate	 during	 intense	 solar	 particle	
events.

The	cins	will	use	 silicon	 stacks	 to	detect	 charged	
particles	 similar	 to	 those	 used	 for	 purposes	 of	 dosim-
etry	flying	on	 the	 iss	and	on	 the	2001	mars	odyssey	
orbiter.	 it	will	 also	 incorporate	 several	 improvements,	
the	most	important	of	which	will	be	in	the	electronics.	
mArie	currently	can	provide	a	dynamic	range	of	only	
about	100:1;	we	intend	to	expand	this	range	by	a	factor	
of	10	to	20	through	better	design	of	the	electronics	and	
more	careful	attention	to	amplifier	gains.	The	next	most	
important	improvement	will	be	in	the	capability	of	the	
system	to	handle	the	high	rates	that	occur	during	solar	
particle	events.	The	mArie	design	is	limited	by	cpu	
hardware	and	software	to	a	data	rate	of	about	three	trig-
gers	per	second;	we	expect	to	increase	this	by	at	least	a	
factor	of	10	by	implementing	a	more	modern	cpu	and	
data	bus.

Antarctic Balloon Flight Instrument 
in	 June	 2004	 we	 were	 notified	 that	 we	 would	 be		

funded	under	a	subcontract	from	nAsA	marshall	space	
Flight	 center	 to	 develop	 and	 supply	 a	 balloon-borne	
neutron	spectrometer	(bbns)	for	the	Deep	space	Test	
bed	missions	to	be	flown	on	high-altitude	(≈125,000	ft)	
balloons	 from	 Antarctica	 over	 the	 next	 several	 years,	
beginning	 in	December	2005.	 in	addition	 to	verifying	
the	performance	of	engineering	systems,	these	missions	
of	 several	 weeks	 each	 will	 simulate	 the	 interplanetary	
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radiation	 environment	 by	 simultaneously	 monitoring	
(1)	 the	 incident	 cosmic	 ray	 spectrum	 at	 the	 top	 of	 the	
atmosphere	with	the	minimal	magnetic	field	shielding	of	
the	 south	 pole	 and	 (2)	 the	 “interior”	 spectra	 produced	
behind	 different	 common	 and	 innovative	 spacecraft	
shielding	materials.	We	are	designing	and	 fabricating	a	
third-generation	balloon	flight	instrument	for	these	mis-
sions.	The	bbns	will	include	all	three	detector	systems	
for	 the	first	 time	(the	3he	 tube,	 the	bicron	454	 scintil-
lator,	 and	 the	 5-mm-thick	 silicon	 inside	 a	 csi	 charged	
particle	discriminator).	it	will	monitor	the	complete	neu-
tron	energy	spectrum,	under	the	several	different	types	of	
shielding,	rotating	on	a	4-ft-dia.	carousel	above	the	bbns	
detector	housing	on	the	multideck	balloon	gondola.	

several	engineering	changes	from	past	versions	of	the	
neutron	spectrometer	were	required	 in	order	to	enable	
this	mission.	space	on	 the	deck	below	 the	carousel	 is	
limited;	therefore,	the	neutron	spectrometer	was	broken	
up	into	two	boxes,	a	detector	box	and	an	electronics	box	
(to	be	placed	on	a	lower	deck).	The	bbns	instrument	
will	 need	 to	 function	 with	 more	 autonomy	 than	 past	
versions.	payload	recovery	is	not	guaranteed,	so	the	data	
logging	procedures	will	change,	and	the	operating	tem-
perature	 range	 for	 the	bbns	will	be	higher	 than	past	
versions.	significant	attention	is	being	paid	to	mechani-
cal	and	system	issues	to	meet	the	different	requirements	
of	this	mission.

SUMMARY
The	 nsbri/ApL	 neutron	 energy	 spectrometer	

is	 built	 with	 three	 detector	 systems:	 a	 thick	 lithium-
drifted	solid-state	detector,	solid-state	scintillators,	and	
a	gas	tube	to	cover	the	desired	energy	range	of	neutrons	
of	 interest	 to	 radiobiologists	 as	well	 as	 to	discriminate	
against	 charged	 particles.	 The	 instrument	 is	 designed	
with	 robustness	 for	 aircraft	 and	 balloon	 flights.	 it	 has	
evolved	since	1997	from	evaluations	of	several	types	of	
individual	detectors	with	radioactive	sources	and	accel-
erator	beams.	The	next	step	is	to	produce	a	spaceflight	
instrument	 suitable	 for	 interplanetary	missions.	Allied	
ground-based	 investigations	 using	 high-energy	 accel-
erator	beams	on	 thick	 targets	have	contributed	 to	 the	
search	 for	 better	 spacecraft	 structural	 and	 radiation	
shielding	materials.
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