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ABSTMCT 

An experiment to measure the neutron energy spectrum at an altitude 

corresponding to 9 &/em2 residual atmosphere was performed near solar 

maximum. 

magnetic latitude 40" T\T from Palestine, Texas, on June 17, 1969. 

experimental arrangement is described, the data reduction scheme is dis- 

cussed, and the results are presented for the neutron spectrum in the 

energy range from 3 to 60 MeV. 

other experiments and from calculations. 

The non-directional spectrometer employed was flown at geo- 

The 

The spectrum is compared with those from 

The intensity is greater than 

the calculations of Lingenfelter after application of an altitude correc- 

tion, but is lower than the measurement of Preszler, Simnett, and White 

and the calculations of Armstrong, Chandler, and Barish. 

. 
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The decay of neutrons,  produced by t h e  i n t e r a c t i o n  of cosmic rays i n  

t h e  atmosphere and subsequently leav ing  it (so-ca l led  "cosmic-ray albedo 

neutrons") ,  w a s  suggested i n i t i a l l y  by Singer [1958] as a mechanism t o  

explain t h e  observed protons i n  t h e  Van Allen b e l t .  

had measured t h e  spectrum of neutrons i n  t h e  atmosphere and t h e s e  measure- 

ments were used as t h e  b a s i s  f o r  subsequent c a l c u l a t i o n s  designed t o  t e s t  

Hess e t  aZ. [1959] 

t h i s  "Cosmic Ray Albedo Neutron Decay" (CRAND) theory  [Hess, 19%; Newkirk, 

1963; LingenfeZter, 19631. Addit ional  measurements of neutrons a t  high 

a l t i t u d e s  [MendeZZ and Korff, 1963; Haymes, 1964; BoeZZa e t  aZ., 1965; 

Merker e t  aZ., 19691 appeared t o  confirm t h e  spectrum of Hess a t  aZ. 

[1959] t o  about 20 MeV s ince  ca l cu la t ed  ex t r apo la t ions  from t h e s e  measure- 

ments agreed with t h e  ca l cu la t ed  neutron f lux of Newkirk [1963] and 

LingenfeZter [1963] which use t h e  measurements of Hess e t  aZ. [1959]. Note 

t h a t  t h e  experiments referenced above r e p o r t  bu t  l i m i t e d  s p e c t r a l  fnforma- 

t i o n .  

channels,  and assumed an exponent ia l  s p e c t r a l  shape t o  a r r i v e  a t  a neutron 

f l u x  f o r  comparison w i t h  t he  c a l c u l a t i o n s .  

l a w  spectr im obtained from a proton r e c o i l  spectrum from about 2 MeV t o  

about 8 MeV. BoeZZa e t  aZ. [1965] assumed one of t h e  ca l cu la t ed  s p e c t r a  

and converted it t o  expected counting rates fo r  comparison with t h e i r  

measured ones. Merker e t  aZ. [1969] used a seven-channel analyzer  t o  

cover t h e  energy range from 1 t o  10 MeV,  

MendeZZ and Korff  [1963] used equipment having only two energy 

Haymes [1964] r e p o r t s  a power 

Calcu la t ion  of t h e  proton i n j e c t i o n  i n t o  t h e  r a d i a t i o n  be l t  by Dragt 

st a2. [1966] us ing  t h e  CRAND neutrons as t h e  source ind ica t ed ,  however, 

t h a t  t h i s  source i s  t o o  s m a l l  by a f a c t o r  of 50 t o  account f o r  t h e  ob- 

served f l u x  of protons wi th  energ ies  i n  excess of about 20 MeV. 
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Measurements by Irnhof and Reagan L1.9691 i n  t h e  10- t o  50-MeV region con- 

firmed t h e  presence of a l a r g e  discrepancy. 

The measurements of Hess e t  aZ. [1959] which formed t h e  underpinning 

f o r  a l l  t h e  CRAND ca lcu la t ions  were performed wi th  counters  which had 

minimal s e n s i t i v i t y  i n  t h e  energy region from roughly 1 0  t o  100 MeV.  The 

g r e a t e s t  d i screpancies  between ca l cu la t ed  and measured i n t e n s i t i e s  are 

noted f o r  protons i n  t h i s  very energy region.  A program was the re fo re  

s t a r t e d  i n  1966 a t  Oak Ridge Nat ional  Laboratory t o  reduce t h e  unce r t a in ty  

i n  t h e  neutron spectrum a t  high a l t i t u d e  i n  t h e  energy region from 3 t o  

60 MeV.  

de t ec to r  c a l i b r a t i o n  f a c i l i t i e s  t o  t h i s  energy, and t h e  lower l i m i t  

followed from t h e  experimental  scheme employed. The da ta  ga ther ing  pro- 

gram culminated i n  a bal loon f l i g h t  from P a l e s t i n e ,  Texas, on June 17 ,  

The upper l i m i t  w a s  chosen because of t h e  a v a i l a b i l i t y  of 

1969. 

I n  t h i s  paper we w i l l  f i r s t  descr ibe  t h e  instrument used, then  d i s -  

cuss t h e  data-gather ing bal loon f l i g h t ,  d i sp l ay  some of t h e  d a t a  obtained 

during t h e  f l i g h t ,  and f i n a l l y  present  t h e  da t a  ana lys i s  and t h e  r e s u l t s  

t he reo f .  

INSTRUMENTATION 

To f u l f i l l  t h e  goals  of t h e  experimental  e f f o r t  a spectrometer w a s  

requi red  which would measure neutrons,  over a wide energy range, i n  t h e  

presence of charged p a r t i c l e s  and gamma r a y s ,  To reduce t h e  l o c a l  produc- 

t i o n  of neutrons t h e  device should have f a i r l y  low mass. The output of 

t h e  spectrometer had t o  be conver t ib le  i n t o  a neutron spectrum with f e w ,  
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i f  any, p r i o r  assumptions about t h e  inc iden t  spectrum. 

cons t r a in t s  l i m i t e d  development of s p e c i a l  purpose equipment, The 

spectrometer descr ibed below meets t hese  c r i t e r i a .  

F i n a l l y ,  budgetary 

The neutron de tec to r  w a s  a 1 .8 - in .d i am by 1.7-in.-high r i g h t  c i r c u l a r  

cyl inder  of NE-213 (Nuclear En te rp r i se s ,  I n c . ,  San Carlos ,  C a l i f o r n i a ) .  

It is  a property of t h i s  l i q u i d  organic s c i n t i l l a t o r  t h a t  a l i g h t  pu lse  

produced by t h e  passage o f  a slow heavy p a r t i c l e  ( e . g . ,  p ro ton ,  alpha 

p a r t i c l e )  through t h e  m a t e r i a l  has d i f f e r e n t  time-decay p rope r t i e s  from 

t h a t  produced by an e l ec t ron .  NE-213 contains  only hydrogen and carbon 

( i n  t h e  r a t i o  of 1 .213:1) ,  thus  l i m i t i n g  t h e  poss ib l e  i n t e r a c t i o n s .  It 

w a s  t h e r e f o r e  chosen as t h e  de t ec to r  m a t e r i a l  s ince  it enabled us  t o  

d i s t i n g u i s h  between neutron-induced events  and gamma-ray induced events  

by pulse-shape d iscr imina t ion  techniques.  The r e s u l t a n t  pulse-height 

spectrum can then  be converted t o  a neutron spectrum using spectrum un- 

fo ld ing  methods [Bwrus and Verbinski, 1969 1 . 
The NE-213 was encased i n  a 1/16-in.-thick aluminum can, coated on 

t h e  i n s i d e  with NE-561 (Nuclear En te rp r i se s ,  I n c . ,  San Carlos ,  C a l i f o r n i a )  

which i s  a compatible r e f l e c t o r  m a t e r i a l .  The de tec to r  can w a s  mounted on 

an RCA type  8575 photomul t ip l ie r  tube and w a s  e l e c t r i c a l l y  connected t o  

t h e  photocathode. The assembly w a s  wrapped i n  black e l e c t r i c a l  t a p e ,  

covered wi th  a magnetic s h i e l d  which w a s  a l s o  operated a t  cathode 

p o t e n t i a l ,  and covered with more e l e c t r i c a l  t a p e ,  This  mode of e l e c t r i c a l  

operat ion i s  recommended by t h e  tube  manufacturer.  

Since t h e  b a s i s  of  opera t ion  of t h i s  de t ec to r  i s  i t s  response t o  

charged p a r t i c l e s ,  ca re  must be taken t o  d i s t i n g u i s h  t h e  r e c o i l  p a r t i c l e s  
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from those  which may be inc ident  upon t h e  de t ec to r .  We the re fo re  sur-  

rounded t h e  neutron de tec to r  assembly with a l /k - in . - th ick  "mantle" of 

NE-110 (Nuclear En te rp r i se s ,  Inc . ,  San Carlos ,  C a l i f o r n i a ) ,  a s o l i d  organic 

s c i n t i l l a t o r ,  

m i n i m u m  ion iz ing  p a r t i c l e  w i l l  depos i t  s l i g h t l y  more than  1 MeV i n  t h e  

s c i n t i l l a t o r ,  y i e ld ing  a s i g n a l  which w a s  easily de tec t ab le .  The mantle 

w a s  viewed by a second RCA type 8575 photomul t ip l ie r ,  and t h e  output of 

t h i s  tube  w a s  placed i n  ant icoincidence with t h e  output of t h e  neutron 

The th ickness  was chosen because a normally inc iden t  

d e t e c t o r ,  thus  i n h i b i t i n g  ana lys i s  i f  both t h e  mantle and t h e  neutron 

de tec to r  recorded an event wi th in  200 ns.  

A number of c o n s t r a i n t s  inf luenced t h e  design of t h e  package which 

housed t h e  de t ec to r  assembly. 

de t ec to r  assembly had t o  be he ld  wi th in  t h e  range 15' t o  6 5 O c .  

l i m i t  w a s  se t  by t h e  lowest temperature a t  which t h e  NE-213 would opera te ,  

and t h e  upper l i m i t  by t h e  s t r u c t u r a l  l i m i t a t i o n  of t h e  NE-110 (J. B. 

Heath, Nuclear En te rp r i se s ,  L td . ,  Winnipeg, Canada, p r i v a t e  communication, 

1967). 

i n su la t ed  conta iner  maintained a t  sur face  atmospheric pressure  s o  t h a t  

convection could a i d  i n  temperature r e d i s t r i b u t i o n .  

F i r s t l y ,  t h e  opera t ing  temperature of t h e  

The lower 

This requirement w a s  met by encasing t h e  de t ec to r  assembly i n  an 

Secondly, w e  had t o  e l imina te  high vol tage  a rc ing  a t  f l o a t  a l t i t u d e .  

This problem w a s  solved by inc luding  t h e  high vol tage  power suppl ies  i n  

t h e  pressure  can surrounding t h e  de t ec to r  assembly. 

F i n a l l y ,  we wished t o  reduce t h e  background due t o  neutrons produced 

i n  t h e  gondola i t s e l f  which, inc luding  b a l l a s t ,  weighed over 1000 l b s .  
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We t h e r e f o r e  decided t o  lower t h e  de t ec to r  assembly a f te r  launch t o  about 

90 f t  below the  gondola. 

The f i n a l  de t ec to r  package then  cons is ted  of a 1/16-in.-thick aluminum 

pressure  can housing t h e  de t ec to r  assembly, high vol tage  suppl ies  f o r  t h e  

photomult ipl ier  t ubes ,  a preampl i f ie r  f o r  t h e  neutron de tec to r  s i g n a l s ,  a 

s m a l l  h e a t e r ,  and two temperature sensors .  

1 . 5  i n .  of Nopcofoam B-610 (NOPCO Chemical Company, No. Arl ington,  N .  J . )  

This can w a s  surrounded by 

i n s u l a t i o n ,  and t h e  whole encased i n  a 16-ga. shee t  s t e e l  can t o  p ro tec t  

it on impact, s ince  it w a s  easier t o  ensure t h e  impace su rv iva l  of t h e  

package than  t o  attempt t o  r e t r a c t  it i n t o  t h e  gondola a t  t h e  conclusion 

of t h e  f l i g h t .  Figure 1 shows t h e  de t ec to r  assembly and inner  can. 

I n  add i t ion  t o  t h e  dec is ion  whether a pulse  should be r e j e c t e d  due 

t o  a coincidence wi th  t h e  mantle as  mentioned above, t h e  e l e c t r o n i c s  used 

f o r  t h e  experiment had t o  perform two func t ions :  

(PHA) and pulse-shape d iscr imina t ion  (PSD). 

pulse-height ana lys i s  

A block diagram i s  shown i n  

Fig.  2.  

Let u s  f i r s t  d i scuss  t h e  PHA func t ion ,  which i s  t h e  simpler and more 

conventional of t h e  two. 

m u l t i p l i e r  w a s  amplif ied and shaped i n  t h e  preampl i f ie r  and double-delay- 

l i n e  ampl i f i e r .  

1 .0  ps with  r e spec t  t o  t h e  o the r .  The delayed pulse  w a s  analyzed i n  a 

conventional analog-to-digi ta l  converter  ( A D C )  whence it went d i r e c t l y  

t o  t h e  t e l eme t ry ,  

The output pu lse  from dynode 8 of the  photo- 

The l a t t e r  had two outputs ,  of which one w a s  delayed by 

. 

Pulse-shape d iscr imina t ion  (PSD) i s  gene ra l ly  performed e i t h e r  by 

p a r t i a l  cance l l a t ion  of  t h e  output pu lse  [Fort& e t  aZ., 1969; St. Onge 



7 

Fig.  1. Detector  Assembly and Aluminum Pressure  Can. The preampl i f ie r  
( l e f t )  and high vol tage  suppl ies  a r e  shown mounted under t h e  de t ec to r s .  
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and Lockwood, 19691 o r  by measuring t h e  d i f f e rence  i n  t h e  r i s e  t i m e  of 

c t h e  charge pulse .  

ference i n  t h e  c ross ing  of t h e  base l ine  of a doubly d i f f e r e n t i a t e d  pulse .  

We chose t h e  l a t t e r  method as sensed by t h e  t i m e  d i f -  

The anode pulse  from t h e  photomult ipl ier  coupled t o  t h e  NE-213, a f t e r  

shaping i n  a f a s t  d i scr imina tor  and being delayed f o r  proper t iming,  set  

t h e  t iming f o r  t h e  start of t h e  time-to-amplitude converter  (TAC) .  The 

TAC was stopped by t h e  prompt output of t h e  zero-crossing d i sc r imina to r ,  

The fas t  coincidence c i r c u i t  shown i n  t h e  figure w a s  used for t h e  a n t i -  

coincidence ve to ,  and t h e  fast-s low coincidence ensured t h a t  t h e  b i a s  

s e t t i n g  of t h e  zero-crossing d iscr imina tor  governed t h e  acceptance of 

pu lses  f o r  ana lys i s .  This type  of opera t ion  reduced t h e  amplitude- 

dependent t iming spread i n  t h e  system, 

The PSD TAC output  w a s  analyzed i n  a sepa ra t e  ADC which had a com- 

mon t r i g g e r  with t h e  PHA ADC. Thus, for each pulse  analyzed i n  t h e  PHA 

channel t h e r e  appeared a corresponding ana lys i s  i n  t h e  PSD channel.  The 

te lemet ry  readout w a s  arranged t o  move t h e  output from both A D C I S  

s equen t i a l ly  with an i d e n t i f i c a t i o n  b i t  set  t o  i n d i c a t e  t h e  PSD da ta  

channel. 

The TAC output w a s  a l s o  analyzed on board i n  a single-channel analyzer 

which s e t  a b i t  i n  t h e  telemetry b u f f e r  i f  t h e  FSD pulse  f e l l  i n t o  a t i m e  

range corresponding t o  a neutron event .  This f e a t u r e  provided a c e r t a i n  

redundancy s ince  t h e  dec is ion  as t o  t h e  type of event can a l s o  be made a t  

t h e  t i m e  of d a t a  ana lys i s  from t h e  pulse-shape parameter determined i n  t h e  

PSD ADC.  The hardware dec is ion  made by t h e  single-channel analyzer w a s  

used as an on-line f e a t u r e  t o  rou te  t h e  pulses  i n  a ground-based mult i -  



channel analyzer  which w a s  used t o  monitor t h e  output of t h e  spectrometer ,  

Figure 2 a l s o  shows seven s c a l e r s  i n  which t h e  t o t a l  number of events  

at  c e r t a i n  po in t s  i n  t h e  system were c o l l e c t e d ,  and which were multiplexed 

onto a sepa ra t e  te lemet ry  channel,  These s c a l e r s  were read  out every f i v e  

minutes under t h e  c o n t r o l  of an on-board t i m e r ,  and t h e  s c a l e r s  were re- 

set af ter  readout .  

Once each hour t h e  system was c a l i b r a t e d  us ing  a 2 2 N a  source which 

w a s  mounted a t  t h e  t o p  of t h e  mantle.  

ampl i f ie r  was increased  by a f a c t o r  of 25. 

were taken ,  one with t h e  mantle i n  an t ico inc idence  wi th  t h e  neutron detec- 

t o r ,  t h e  o ther  with t h e  mantle i n  coincidence. A comparison of t h e  counts 

i n  t h e  two modes wi th  values  determined p r i o r  t o  take-off could be used 

t o  monitor t h e  proper opera t ion  of t h e  mantle ,  

For t h i s  measurement t h e  gain of t h e  

Two sets  of c a l i b r a t i o n  da ta  

The instruments  used throughout t h e  experiment were laboratory- type 

N I M  modules. Many of them were obtained from commercial vendors,  wi th  t h e  

remainder designed and b u i l t  at ORNL. It w a s  a l s o  necessary t o  modify some 

of t h e  commercial modules f o r  our a p p l i c a t i o n ,  Because laboratory- type 

equipment w a s  used we had t o  s a t i s f y  ourselves  t h a t  it would f i n c t i o n  pro- 

pe r ly  i n  t h e  environment found a t  f l o a t  a l t i t u d e ,  Tes ts  of equipment 

func t ion ing  i n  an environmental chamber showed t h a t  e l e c t r o n i c  d r i f t  oc- 

curred over a per iod  of t i m e .  We b e l i e v e  t h i s  w a s  due t o  t h e  formation 

of "hot spots"  wi th in  t h e  modules due t o  i n s u f f i c i e n t  convection cool ing 

i n  t h e  r a r i f i ed  atmosphere. We t h e r e f o r e  decided t o  enclose t h e  i n s t r u -  

mentation i n  a pressure- t igh t  box and maintain it a t  su r face  p re s su re  ( 'L 

1000 mb). A l l  equipment was t e s t e d  t o  opera te  proper ly  over a 10' t o  5ooc 

. 
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temperature range. Figure 3 shows t h e  equipment i n s t a l l e d  i n  the box. Note 

that  only the instruments  requi red  f o r  t h e  spectrometer were mounted i n  

t h e  box. 

Center ,  Hun t sv i l l e ,  Alabama, d i d  not r e q u i r e  t h i s  temperature p ro tec t ion  

The te lemet ry ,  which w a s  furnished by Marshall  Space F l i g h t  

and w a s  t h e r e f o r e  mounted sepa ra t e ly .  

I n  add i t ion  t o  t h e  two te lemet ry  channels shown i n  Fig.  2 which car- 

r ied the ADC information and t h e  s c a l e r  readout ,  r e spec t ive ly ,  we t r a n s -  

mi t t ed  t h e  output from pressure  and temperature sensors  and from vol tage  

monitors v i a  an a d d i t i o n a l  channel,  These q u a n t i t i e s  were sampled t e n  

times per  second and t r ansmi t t ed  as analog information. 

BALLOON FLIGHT AND DATA ACQUISITION 

The de tec to r  and assoc ia ted  equipment were launched at 0627 hours CDT 

on June 17, 1969, from P a l e s t i n e ,  Texas, by personnel  of t h e  NCAR Balloon 

F l i g h t  S t a t i o n .  The bal loon chosen f o r  t h e  f l i g h t  w a s  a Winzen (Winzen 

Research, Inc .  , Minneapolis , Minn. ) 2.90 x lo6 f t3  bal loon constructed of 

l.5-mil polyethylene.  A s  t h e  bal loon reached 1000 f t  a l t i t u d e  t h e  detec- 

t o r  assembly w a s  lowered by ground command. The average ra te  of ascent  w a s  

258.8 m/min, and f l o a t  a l t i t u d e  of about 32 krn w a s  reached about 0830 hours 

CDT. The bal loon f l o a t e d  slowly w e s t w a r d  u n t i l  the  f l i g h t  w a s  terminated 

from t h e  chase plane a t  1800 hours CDT, chosen t o  permit a dayl ight  recovery 

of t h e  equipment. A t r a j e c t o r y  of t h e  f l i g h t  i s  shown i n  Fig. 14. The 

equipment was recovered i n  good condi t ion nenr  Bronte,  Texas, and re turned  

t o  Pa le s t ine .  When t h e  system was checked out a f te r  r e t u r n  t o  ORNL it 

s t i l l  funct ioned c o r r e c t l y .  
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Fig .  3. The E lec t ron ic  Equipment Mounted i n  Its Pressure Bbx. Note 
t h e  use of s tandard N I M  modules. 
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A s  w a s  mentioned i n  t h e  preceding s e c t i o n ,  t h e  data taken during t h e  

f l i g h t  were te lemetered t o  t h e  ground i n  rea l  t i m e .  

maintained at P a l e s t i n e  f o r  t h e  recept ion  of t h e  d a t a ,  and a mobile sta- 

t i o n  had deployed i n  t h e  a n t i c i p a t e d  d i r e c t i o n  of f l o a t  t o  t h e  San Angelo 

A base s t a t i o n  w a s  

a i r p o r t .  A s  it happened, t h e  bal loon w a s  i n  exce l l en t  te lemet ry  contac t  

with t h e  base s t a t i o n  throughout t h e  f l i g h t ,  so  t h e  back-up 

represented by t h i s  s t a t i o n  w a s  not  requi red .  

The d a t a  on t h e  t h r e e  te lemet ry  channels w e r e  recorded 

c apab i 1 i t y  

i n  r ea l  time 

on a broad-band analog magnetic t a p e ,  

about 18 minutes of data could be recorded on one t a p e ,  and t apes  could be 

changed i n  but  a f e w  seconds. 

The recorder  r an  cont inuously;  

A t o t a l  of 39 t apes  were used. 

The d a t a  from t h e  ADC's, represent ing  pulse-height ana lys i s  and pulse- 

shape d iscr imina t ion  da ta ,  were demodulated on-line and s t o r e d  i n  a mult i -  

channel analyzer €or diagnos t ic  purposes. 

divided i n t o  four  256-channel s e c t i o n :  gamma-ray and neutron pulse-height 

data were routed  i n t o  t h e  f irst  and second quadrant ,  r e spec t ive ly ,  and t h e  

PSD information i n t o  t h e  t h i r d  quadrant.  

from t h e  CRT of t h e  ana lyzer .  

ex t r ac t ed  on punched paper t ape  every hour,  and t h e  analyzer  c l ea red ,  

p r i o r  t o  t h e  de t ec to r  c a l i b r a t i o n .  Data f o r  each c a l i b r a t i o n  mode were 

accumulated s e p a r a t e l y ,  and a l s o  punched out s epa ra t e ly .  

a r ep resen ta t ive  set  of d i sp lays  from t h e  c a l i b r a t i o n s ,  

information assured t h e  a v a i l a b i l i t y  as back-up of most of t h e  information 

which w a s  s to red  on magnetic t a p e .  

The memory of t h e  l a t t e r  w a s  

Figure 5 shows t y p i c a l  d i sp lays  

The information s t o r e d  i n  t h e  analyzer  was  

Figure 6 shows 

Punching out t h e  



Fig. 5. Displays of the Spectra Accumulated in the Multichannel 
(a) Gamma-ray pulse-height spectrum, (b) neutron pulse-height Analyzer, 

spectrum, (c) total PSD spectrum. 
emphasize the neutron peak (right), thus causing the gamma-ray peak to 
overflow full scale, 

The scale for the last was chosen to 



. 

Fig. 6. Displays of the Spectra Accumulated in the Multichannel 
Analyzer During the Calibration Phases. 
mantle in anticoincidence, (b) 22Na pulse height spectrum, mantle in 
coincidence, (c) PSD spectrum, 

(a) 22Na pulse-height spectrum, 

. 



The s c a l e r  information w a s  p r i n t e d  out on a Hewlett-Packard p r i n t e r .  

Since t h e  s c a l e r s  were automatical ly  c l ea red  a f t e r  read-out,  l a r g e  devia- 

t i o n s  between consecutive sets  would immediately i n d i c a t e  se r ious  t roub le .  

The analog information w a s  read out p e r i o d i c a l l y  by manually s e l e c t -  

ing  t h e  commutator p o s i t i o n  corresponding t o  t h e  des i r ed  analog s i g n a l ,  

and p r i n t i n g  t h e  reading from a d i g i t a l  vo l tmeter .  

changes i n  t h e  analog q u a n t i t i e s  sampled would only occur i n  t h e  event of 

We f e l t  t h a t  r ap id  

a ca t a s t roph ic  f a i l u r e  which w e  could observe both from t h e  analyzer d i sp l ay  

and t h e  s c a l e r  ou tput ,  so  t h a t  a r a t h e r  in f requent  read-out ra te  of once 

ever t h i r t y  minutes seemed adequate,  

Inspec t ion  of t h e  da t a ,  shown i n  F ig .  7, revealed t h a t  t h e  temperature 

in s ide  t h e  mantle ,  which had t o  be kept  above 15OC, var i ed  between 43.6'~ 

p r i o r  t o  take-off and 23.4OC s h o r t l y  before  te rmina t ion  of t h e  f l i g h t ;  t h e  

temperature outs ide  of t h e  mantle va r i ed  from 44.5OC t o  20.6OC; t h e  tempera- 

t u r e  a t  t h e  t o p  of t h e  instrument box va r i ed  from 35.5OC t o  52.1OC. The 

temperature requirements f o r  t h e  de t ec to r  assembly were thus  e a s i l y  m e t .  

Though t h e  temperature i n  t h e  instrument box w a s  a b i t  higher  than  we 

p re fe r r ed ,  no degradat ion of instrument performance w a s  observed. 

Figures 8 and 9 show t h e  data f o r  t h e  var ious  b a t t e r y  vo l t ages ,  and 

f o r  t h e  pressure  i n  t h e  de t ec to r  assembly housing and t h e  instrument 

box, r e spec t ive ly .  

more s t a b l e ,  bu t  t h e  poss ib l e  s l i g h t  l e a k  i n  t h e  de t ec to r  assembly hous- 

ing w a s  of no consequence t o  t h e  experiment. 

The pressure  i n  t h e  instrument box appears somewhat 
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Fig. 9 .  Relative Pressure I n s i d e  ( a )  Detector  Can and ( b )  Instrument 
Box w i t h  Respect t o  Outside Pressure .  
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DATA ANALYSIS 

. 

Since t h e  PSD and PHA information recorded on the magnetic t apes  w a s  

not i n  a form suitable f o r  input  t o  a computer t h e  da t a  format w a s  con- 

ver ted  using a PDP-8 w i t h  a s p e c i a l l y  constructed i n t e r f a c e  t o  accept  t h e  

data from a playback recorder  and s t o r e  them on computer-compatible 

magnetic t a p e  [Marston, 19691. A scaler i n  which t h e  pulses  from t h e  

te lemet ry  channel were recorded served as a r e l a t i v e  clock and w a s  recorded 

w i t h  each event .  Each on-line t ape  w a s  converted i n t o  a separa te  f i l e  on 

t h e  new t a p e ,  t hus  permi t t ing  la ter  s e l e c t i o n  of events  covering a p a r t i c -  

u l a r  t ime i n t e r v a l .  

The data obtained at f l o a t  a l t i tude  , i . e , ,  those  c o l l e c t e d  between 

0836 and 1757 hours ,  w e r e  s e l e c t e d  f o r  f u r t h e r  ana lys i s .  

t h e  data from t h e  multichannel analyzer  had a l ready  established t h a t  t h e r e  

was no observable d r i f t  i n  the e l ec t ron ic s  s o  t h a t  a l l  data i n  t h a t  time 

Examination of 

i n t e r v a l  could be combined d i r e c t l y .  We found t h a t  during c e r t a i n  pe r iods ,  

a high percentage of erroneous data as def ined by impossible b i t  p a t t e r n s  

had been recorded,  probably as t h e  r e s u l t  of e l e c t r i c a l  i n t e r f e rence .  

We the re fo re  adopted t h e  c r i t e r i o n  t h a t  any record containing more than  

31 erroneous events  (out  of 256 events per  record)  w a s  omitted f r o m t h e  

ana lys i s .  The t o t a l  data t ak ing  t i m e  w a s ,  of course,  a l s o  reduced ac- 

cordingly.  Less than  5% of t h e  t o t a l  apparent events  were so el iminated.  

The f i r s t  t a s k  w a s  t h e  establishment of a bias l e v e l  f o r  t h e  PSD data 

s ince  t h i s  determined which events  would be r e l a t e d  t o  neutrons and which 

t o  gamma rays .  The data were displayed as a two-dimensional matr ix  of 

pulse-height channel versus  pulse-shape channel. It w a s  found t h a t  t h e  
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PSD bias should vary wi th  pulse  he igh t ,  and t h i s  v a r i a t i o n  w a s  t aken  i n t o  

account i n  t h e  s o r t i n g  program. 

t ra  r ep resen t ing ,  r e s p e c t i v e l y ,  neutron pulse  he igh t ,  neutron PSD, gamma 

pulse h e i g h t ,  gamma PSD, c a l i b r a t i o n  i n  an t ico inc idence  mode, and ca l ib ra -  

t i o n  i n  coincidence mode. 

s t ra ight forward ,  t h e  d i s t i n c t i o n  between PHA and PSD information be ing  

made on t h e  b a s i s  of t h e  PSD f l a g  s e t  by t h e  bal loon spectrometer hardware, 

and between neutrons and gamma rays  on t h e  basis of t h e  corresponding PSD 

pulse  l y i n g  above (neutron)  or below (gamma) t h e  PSD bias e s t a b l i s h e d  f o r  

t h a t  amplitude channel. The gamma PSD spectrum was determined i n  t h e  

same manner; however, due t o  t h e  l a r g e  number of gamma counts,  only every 

The d a t a  were then  s o r t e d  i n t o  s i x  spec- 

The s o r t i n g  i n t o  t h e  first t h r e e  s p e c t r a  w a s  

64th count w a s  recorded i n  t h e  spectrum. The neutron and gamma pulse- 

he ight  s p e c t r a  a r e  shown i n  Fig.  10 .  

The determinat ion of t h e  advent of t h e  c a l i b r a t i o n  mode deserves some 

comment. The clock time a t  which t h e  c a l i b r a t i o n  i n  each mode occurred was 

known because it w a s  determined by t h e  p rec i s ion  t imers  employed. However, 

clock time was not r e g i s t e r e d  on t h e  data t apes  so t h a t  t h i s  information 

could not be c o r r e l a t e d  t o  t h e  data. A s  w a s  po in ted  out i n  t h e  s e c t i o n  on 

instrumentation above, t h e  ga in  of t h e  ampl i f i e r  w a s  increased  during t h e  

c a l i b r a t i o n  by a f a c t o r  of 25. 

pulse-height bias s e t t i n g  f o r  gamma rays of channel 60. 

This r e s u l t e d  i n  an apparent minimum 

The c r i t e r i o n  

for determining t h e  onset of c a l i b r a t i o n  w a s  t h e r e f o r e  chosen t o  be t h r e e  

consecutive gamma-ray events wi th  pulse  he ight  g r e a t e r  than  or equal t o  

t h a t  corresponding t o  channel 60. 

l e d  by t h r e e  consecutive gamma-ray events with pulse  he ight  l e s s  than 

channel 60. 

The end of t h e  c a l i b r a t i o n  w a s  s igna l -  

During t h e  c a l i b r a t i o n  no events were r e g i s t e r e d  i n  t h e  

c 
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neutron spectrum because of t h e  change i n  ga in ,  The dura t ion  of t h e  

c a l i b r a t i o n  mode w a s  determined by p r i n t i n g  out t h e  va lue  of t h e  clock 

s c a l e r  corresponding t o  t h e  f i r s t  pulse  i n  t h e  c a l i b r a t i o n  mode, and again 

for t h e  l as t  pu l se .  

The data taken during t h e  c a l i b r a t i o n  mode were used t o  e s t a b l i s h  

t h e  gain of t h e  system as we l l  as t h e  zero pulse-height o f f s e t  which had 

t o  be appl ied  t o  t h e  data because t h e  zero  of t h e  ADC as determined from 

a s t r a i g h t  l i n e  through two known po in t s  d i d  not l i e  i n  channel zero,  

The gain w a s  determined from a leas t - squares  f i t  t o  a,n a n a l y t i c a l  es t imate  

[ZobeZ and Hall, 19711. 

bias cutoff channel, t ak ing  i n t o  account t h e  known gain change i n  t h e  

ampl i f i e r .  

The o f f s e t  w a s  determined from t h e  pulse-height 

I n  order t o  convert t h e  pulse-height spectrum due t o  neutron events 

i n  t h e  s c i n t i l l a t o r  t o  an energy spectrum, one must employ some form of 

spectrum unfolding. 

FERD package, a v a r i a n t  of FERDoR [Burrus and Verbinski, 1969; R. W. PeeZZe, 

1971]. 

The program package chosen f o r  t h i s  purpose was t h e  

The use of t h i s  program requ i r e s  t h e  cons t ruc t ion  of a d e t e c t o r  

response matr ix  of pulse-height spectrum versus  energy of a u n i t  source 

of monoenergetic neutrons and a l s o  a so-called window matr ix  which es tab-  

l i s h e s  t h e  energy r e s o l u t i o n  of t h e  r e s u l t s .  

It w a s  c l e a r l y  imprac t i ca l  t o  attempt t o  c a l i b r a t e  t h e  d e t e c t o r  as- 

sembly a t  a s u f f i c i e n t  nwnber of energ ies  with t h e  accuracy r equ i r ed  t o  

permit t h e  use of such experimental response func t ions  f o r  t h e  response 

matrix.  However, Verbinski e t  a?. [1968] , had very c a r e f u l l y  c a l i b r a t e d  

a q u i t e  similar de t ec to r  a t  energ ies  between 0.2 and 22 MeV, and a Monte 

i) 

I 
- 1  
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Carlo program (05s)  [Textor and Veerbinski, 19681 had been w r i t t e n  spec i f -  

i c a l l y  t o  enable es t imat ion  of pulse-height spec t r a  f o r  inc ident  neutrons,  

t ak ing  i n t o  account mul t ip l e  neutron i n t e r a c t i o n s  i n  t h e  s c i n t i l l a t o r .  We 

the re fo re  decided t o  use 05s t o  c a l c u l a t e  a s e t  of response func t ions .  

OgS, i n  order  t o  achieve running speed, contains  seve ra l  s impl i fy ing  

assumptions. F i r s t ,  it assumes t h a t  t h e  only material present  i n  t h e  system 

i s  NE-213; i n  our case t h i s  assumption i s  not bad s ince  t h e  can enclosing 

t h e  s c i n t i l l a t o r  i s  q u i t e  t h i n ,  and t h e  mantle i s  a l s o  a hydrocarbon of 

similar composition. Second, 05s assumes a p a r a l l e l  beam of monoenergetic 

neutrons inc iden t  upon t h e  d e t e c t o r ;  t h i s  assumption i s  poor f o r  t h i s  

work, and program changes were developed t o  a s ses s  t h e  e f f e c t  of an 

i s o t r o p i c  f l u x  and t h e  ant icoincidence mantle upon t h e  ca l cu la t ed  r e s u l t s .  

F i n a l l y ,  05s had no provis ions f o r  t h e  geometry of t h e  de t ec to r  corresponding 

t o  t h e  assembly which we employed, but  assumed t h a t  t h e  de t ec to r  w a s  a 

r i g h t  c i r c u l a r  cy l inde r .  

volved a d d i t i o n a l  coding. A s  might be expected, t h e  e f f e c t  of t h e  changes 

i s  most pronounced f o r  t h e  low-energy neutrons where absorpt ion i n  t h e  

The changeover t o  t h e  a c t u a l  geometry a l s o  in-  

mantle would be only p a r t i a l l y  compensated by in - sca t t e r ing  i n t o  t h e  

de t ec to r .  A t  high energ ies ,  i n - sca t t e r ing  i s  more important.  Over t h e  

energy region from 2 . 2 1  MeV t o  70 MeV t h e  change, r e f e r r e d  t o  t h e  geometry 

of Verbimki  zt aZ. [1968], amounted t o  no more than  25% with t h e  s ign  

changing a t  about 10  MeV. 
- 

A Monte Carlo program such as 05s depends c r i t i c a l l y  upon t h e  c ross  

sec t ions  suppl ied t o  it. 

cons i s t  of one material t h e  problem i s  s impl i f i ed  i n  that.  only t h e  c ros s  

Since t h e  program assumes t h e  whole system t o  
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sec t ions  for neutron i n t e r a c t i o n s  with hydrogen and carbon must be known. 

The d i f f i c u l t i e s  i n  our problem ar ise  because t h e  i n t e r a c t i o n  c ros s  sec- 

t i o n s  i n  carbon which g ive  r ise  t o  secondary p a r t i c l e s ,  i . e . ,  (n,a), ( n , n r 3 a ) ,  

( n , p ) ,  (n ,pn ) ,  (n ,2n)  r e a c t i o n s ,  a r e  poorly known, i f  a t  a l l ,  over most 

of the energy range of i n t e r e s t ,  The measurements of Verbinski e t  aZ. [1968] 

provided checkpoints t o  22 MeV aga ins t  which t h e  c ros s  sec t ions  used 

could be tes ted  as w e l l  as t h e  code. To extend t h e  range f u r t h e r ,  a 

c a l i b r a t i o n  of t h e  same de tec to r  as used by Verbinski as w e l l  as of t h e  

bal loon de tec to r  assembly w a s  performed with monoenergetic neutrons of 

37.4 MeV [Cohen e t  aZ., 19691. A s e t  of c ross  sec t ions  w a s  developed 

which, i n  conjunct ion wi th  OgS, could be used t o  r ep resen t  t h e  measurement. 

The s e t  w a s  extended pas t  our c a l i b r a t i o n  t o  70 MeV. 

Wachter e t  aZ. 119721 wi th  t h e i r  measurements confirmed t h e  adequacy of 

t h i s  set t o  60 MeV. 

Comparison by 

To cons t ruc t  a response matr ix  out of t h e  monoenergetic response 

func t ions  produced by 05s requi red  binning t h e  response func t ions  i n  t h e  

same b ins  as w e r e  used t o  b i n  t he  experimental  pulse-height data, and 

i n t e r p o l a t i n g  among them t o  a r r i v e  a t  func t ions  corresponding t o  t h e  

proper energ ies .  

the program package RESPMG [Burrus and Freestone, 19701. 

func t ions ,  we chose Gaussians of 30% r e s o l u t i o n  full width at h a l f  m a x i m u m  

The generat ion of the  response mat r ix  w a s  performed by 

For t he  window 

amplitude t o  ob ta in  t h e  energy spectrum. 

Using t h e s e  mat r ices  FERD ca l cu la t ed  an upper and a lower bound t o  

t h e  energy spectrum, chosen i n  our case t o  represent  approximately a 68% 

confidence i n t e r v a l .  This  i n t e r v a l  took i n t o  account not only t h e  e r r o r s  
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J 

i n  t h e  input  data but  a l s o  a cont r ibu t ion  t o  t h e  uncer ta in ty  due t o  t h e  

unfolding process ,  

We have estimated t h e  con t r ibu t ion  t o  t h e  neutron spectrum due t o  

neutrons generated i n  t h e  i r o n  and aluminum cans i n  (p ,n )  r eac t ions .  

Br i e f ly  , we approximated t h e  proton spectrum ca lcu la t ed  f o r  10  g/cm2 

r e s i d u a l  atmosphere [Z'. W, Amstrong, Oak Ridge Nat ional  Laboratory, p r i -  

va t e  communication, 19721 by 

(0 < E < 5 x i o 7 )  

( 5  x i o 7  - -  < E < 5 x 109) 

- -  P(E) = 3.1236 x 

P(E) = 3.1120 x 

where P i s  t h e  number of protons/(eV-cm2sec) and E i s  t h e  proton energy i n  

e V .  The neutron production c ross  sec t ion  w a s  obtained from ca lcu la t ions  

of B m t i n i  [1963, 19661 f o r  aluminum and chromium, with t h e  l a t t e r  used t o  

represent  i r o n .  The cross-sect ion data were represented  by 

o(E)  = 0.49782 Eo'o53226 barns f o r  aluminum 

o(E)  = 0.54339 E o ' 2 1 7 7 7  barns  f o r  chromium 

where t h e  energy E i s  expressed i n  MeV.  It should be  noted t h a t  t h e s e  

expressions overest imate  t h e  c ross  sec t ion  i n  t h e  proton energy region 

from threshold  t o  about 50 MeV, A s  a f i r s t  approximation t o  t h e  neutron 

production it w a s  assumed t h a t  t h e  neutrons moved from t h e i r  b i r t h  p lace  

with t h e  same energy and d i r e c t i o n  as t h e  c r e a t i n g  proton,  and t h a t  t h e  

l a t t e r  cons t i t u t ed  an i s o t r o p i c  f i e l d .  Ascribing t h e  f u l l  proton energy 

t o  each neutron overest imates  t h e  production of high-energy neutrons;  t h i s  

appeared d e s i r a b l e  as a conservat ive assumption, 
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The neutron production rate was then calculated from the product of 

the number of protons derived above, the macroscopic cross section for 

neutron production, and the average can thickness. The maximum relative 

contribution to the spectrum from this calculation occurred at 50 MeV where 

it amounted to %3.5%. We therefore concluded that no correction need be 

applied to the results of the FERD calculation to account for contributions 

from the immediate environment of the detector. 

Another source of uncertainty is the PSD bias setting. Again due to 

the scarcity of counts in the higher pulse-height channels it was difficult 

to make a unique bias assignment. 

bin to be used in the analysis includes only the statistical uncertainty 

in the observed counts, with no allowance for possible error in the bias. 

The error assigned to each pulse-height 

FCZSULTS AND DISCUSSION 

The results of the data analysis described above are shown in Fig. 11, 

together with results of other experiments [Heidbreder e t  aZ., 1970; 

Jenkins e t  aZ., 1971; PreszZer e t  aZ.,  1972; Leavi t t ,  19721. 

our results are compared with calculations [LingenfeZter, 1963; Freden and 

white, 1962; Amnstrong e t  aZ., 19721. 

In Fig. 12  

The first noteworthy feature of our data is the apparent structure. 

Examination of the pulse-height spectrum shows a bump or shoulder in the 

region from channel 76 to channel 103, corresponding to the maximum pulse 

height obtainable from neutron energies of 16.8 MeV to 21.6 MeV, respec- 

tively. 

spectrum in this region, 

There is also a noticeable dip in the gamma-ray pulse-height 

Since there is the possibility of improper PSD 
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b i a s  s e l e c t i o n  as discussed above, p a r t i c u l a r l y  toward t h e  upper end of 

t h i s  range,  t h e  spectrum w a s  re -ca lcu la ted  under t h e  assumption t h a t  h a l f  

t h e  d i f f e rence  between t h e  neutron and gamma-ray counts i n  t h i s  i n t e r v a l  

should be ascr ibed  t o  gamma rays  , t hus  reducing t h e  shoulder.  This r a t h e r  

d r a s t i c  change d i d  indeed reduce t h e  peak he ight  and r a i s e d  t h e  d i p ,  but  

d id  not e l imina te  e i t h e r .  The average in t eg ra t ed  neutron f l u x  between 

11 and 30 MeV changed by less than  lo%, w e l l  wi th in  t h e  unce r t a in ty  

l i m i t s .  

Concerning a comparison of our r e s u l t s  with those  of o the r s ,  it must 

be noted t h a t  t h e  d a t a  shown are those  repor ted  by t h e  i n v e s t i g a t o r s ,  and 

thus  represent  a v a r i e t y  of experimental  condi t ions.  

The experiment performed under condi t ions  most similar t o  ours i s  t h a t  

of Heidbreder e t  aZ. ( f l i g h t  d a t a  September 1 5 ,  1969; a l t i t u d e  7 g/cm2 

r e s i d u a l  atmosphere).  

it i s  c l e a r  t h a t  our d a t a  are cons i s t en t  with t h e i r s .  

resu l t s  are based on only t e n  events i n  which t h e  neutron was  moving i n  

an upward d i r e c t i o n ,  out of a t o t a l  of 17 events .  

t h e i r  resul t  by 1.7 t o  account f o r  a l l  t h e  neutrons f o r  comparison with 

our d a t a  would not  s i g n i f i c a n t l y  a l t e r  t h e  agreement. 

While t h e r e  i s  a gap i n  t h e  energy range covered, 

Unfortunately,  tl-ieir 

Mul t ip l i ca t ion  of 

The spectrum of Jenkins e t  aZ. w a s  taken between June 7 and September 

30, 1969 by a neutron de tec to r  aboard OGO 6. Our experiments thus  occurred 

at  e s s e n t i a l l y  t h e  same p a r t  of t h e  s o l a r  cyc le .  The s lope of our da t a  

below 1 0  MeV i s  not  i ncons i s t en t  with t h e i r  r e s u l t s ,  being -1.28 + 0.21 

compared t o  t h e i r  -0.90 + 0.10. 

Merker e t  aZ. [1965] who f i n d  -1.08 + 0.1. 

- 
It a l s o  agrees with t h e  r e s u l t s  of - 

However, our r e s u l t s  d i f f e r  - 
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i n  magnitude from Jenkins '  by roughly a f a c t o r  of 2 ,  our resul ts  being 

lower. From t h e  r e s u l t s  of Haymes [1964] f o r  t h e  v a r i a t i o n  of t h e  neutron 

flux w i t h  a l t i t ude  one would expect a decrease of about a f a c t o r  of 2 from 

10 g/cm2 t o  3 g/cm2. 

1.8, i n  s u b s t a n t i a l  agreement. On t h e  o ther  hand, Lingenfe l te r  I s  ca lcu la-  

t i o n s  i n d i c a t e  an inc rease  i n  t h e  neutron f l u x  as one goes from 40" t o  90" 

geomagnetic l a t t i t u d e  by about a f a c t o r  of 2; s ince  Jenkins '  d a t a  refer  

t o  t h e  po la r  reg ion ,  t h e i r  r e s u l t s  should be decreased by t h i s  f a c t o r  t o  

compare with ours. The two e f f e c t s  ( a l t i t u d e  and l a t i t u d e )  thus  a r e  

expected approximately t o  cance l ,  t hus  l eav ing  a discrepancy of about a 

f ac to r  of 2.  P a r t  of t h e  discrepancy could be caused by neutrons produced 

by charged p a r t i c l e s  i n  t h e  presumably more massive environs of t h e i r  

de t ec to r .  

Armstrong's c a l c u l a t i o n s  p red ic t  a f a c t o r  of about 

PreszZer e t  aZ. obtained t h e i r  data on September 26, 1971 a t  an 

a l t i t u d e  of 4.65 g/cm2 but  i n  t h e  same geomagnetic l a t i t u d e  as our f l i g h t .  

Direct  comparison of t h e  r e s u l t s  i nd ica t e s  reasonable  agreement between 

20 and 35 MeV; however, above t h i s  energy our spectrum f a l l s  o f f  more 

sharply than  t h e i r s .  

f o r  a l t i t u d e  and po in t  i n  s o l a r  cyc le .  

Again we have o f f s e t t i n g  r e l a t i v e  co r rec t ions  he re ,  

The a l t i t u d e  co r rec t ion  (determined 

as above) i n d i c a t e s  t h a t  t h e  r e s u l t s  from PreszZer e t  aZ. should be in-  

creased by about 20% t o  compare with ours, 

[from LingenfeZter, 19631 amounts a l s o  t o  about 20% and r equ i r e s  a 

decrease i n  t h e i r  r e s u l t s ,  

The s o l a r  cyc le  co r rec t ion  

F i n a l l y ,  we have t h e  prel iminary r e s u l t s  of Leavitt t aken  with a 

neutron spectrometer aboard OSO-6. Since t h e s e  d a t a  are s t i l l  prel iminary 

t 
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t 

we w i l l  not make d e t a i l e d  comparisons. Su f f i ce  it t o  s t a t e  t h a t  they  a r e  

su re ly  not i ncons i s t en t  wi th  our r e s u l t s .  

If w e  compare our d a t a  t o  t h e  ca l cu la t ions  we no te  immediately t h e  

s i m i l a r i t y  i n  shape between our da t a  and t h e  curve of Freden and Wh.ite 
(which i s  shown as modified by PreszZer e t  az.). 
assume t h a t  t h e r e  w a s  an error i n  t h e  ga in  of t h e  spectrometer ,  which could 

account f o r  such a s h i f t .  

determinat ion not  only as in t eg ra t ed  over t h e  f l i g h t  (from which t h e  gain 

It i s  very tempting t o  

However, we very c a r e f u l l y  examined our ga in  

w a s  t aken)  but  a l s o  as determined hourly s o  as t o  e s t a b l i s h  a d r i f t ,  i f  

any. A s  a r e s u l t  of t h e s e  cons idera t ions  we are convinced t h a t  t h e r e  w a s  

no ga in  d r i f t  dur ing t h e  f l i g h t ,  and t h e  ga in  as determined from t h e s e  

da t a  i s  c o r r e c t .  

I n  comparing our d a t a  t o  t h e  ca l cu la t ions  of Amstrong e t  aZ. we 

note  not only t h e  d i f f e rence  i n  shape but  also i n  magnitude, The geo- 

phys ica l  condi t ions  are t h e  same, and t h e  s t rong  d i f f e rence  i n  p red ic t ed  

and observed pulse-height spec t r a  extends far  down i n t o  t h e  energy reg ion  

where instrument t e s t i n g  w a s  secure and pulse-shape d iscr imina t ion  w a s  

unambiguous. 

To ensure t h a t  t h e  i n t e n s i t y  d i f f e rence  w a s  not  c rea ted  i n  t h e  d a t a  

ana lys i s  we constructed a response mat r ix  corresponding t o  t h e  cen te r  

energ ies  of t h e  b ins  i n  Armstrong's ca l cu la t ions .  Mul t ip l i ca t ion  of t h e  ca l -  

cu la ted  spectrum wi th  t h i s  response mat r ix  then  y ie lded  a pseudo pulse-height 

spectrum which would be expected assuming Armstrong's neutron f l u x .  

par i son  of t h i s  spectrum wi th  our experimentally observed pulse-height 

spectrum i s  shown i n  Fig.  13. The t h r e e  r a t h e r  obvious shoulders  i n  t h e  

pseudo spectrum are due t o  t h e  l imi t ed  number of response func t ions  used i n  

t h i s  c a l c u l a t i o n ,  and should t h e r e f o r e  be smoothed by eye,  

t h a t  except f o r  pu lse  he igh t s  corresponding t o  about 20 MeV t h e  pseudo 

spectrum has about 2 t o  4 t i m e s  t h e  i n t e n s i t y  of t h e  observed one, a 

discrepancy cons i s t en t  wi th  t h a t  observed i n  t h e  unfolded r e s u l t s .  

Com- 

It i s  apparent 
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F ig .  13. Comparison of t h e  Experimental ly  Determined Binned Pulse-  
Height Spectrum wi th  a Pseudo-Spectrum Calcula ted  on t h e  Basis of  Armstrong 
e t  a l .  
t h a t  Maximum Proton Recoi l  Pulse  Height .  

The Abscissa  Represents  t h e  Energy of a Neutron Which Can Produce 
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The Lingenfe l te r  spectrum i s  shown p r i n c i p a l l y  f o r  h i s t o r i c a l  reasons 

because it has been widely used. Since t h i s  spectrum r e l a t e s  t o  t h e  t o p  of 

t h e  atmosphere, i . e .  , 0 g/cm2, it should be increased  by about a f a c t o r  

of 2 f o r  comparison with our data. The t r e n d  of our data, ignoring t h e  

s t r u c t u r e ,  i s  not  incompatible with t h e  shape ca l cu la t ed  by Lingenfe l te r .  

However, our spectrum exceeds h i s  by about a f a c t o r  of 3, o r  i s  50% g r e a t e r  

than  h i s  cor rec ted  f o r  a l t i t u d e .  

It i s  d i f f i c u l t  f o r  us t o  account f o r  t h e  d i f f e rence  between our 

r e s u l t s  and those  of PreszZer et aZ. obtained with a much more complex and 

less f’ully demonstrated spectrometer system, or  t h e  ca l cu la t ions  of 

Armstrong e t  aZ. While our r e s u l t s  s u f f e r  due t o  a pauci ty  of d a t a  a t  t h e  

higher  ene rg ie s ,  as discussed i n  previous s e c t i o n s ,  we f e e l  t h a t  t h e s e  

cons idera t ions  should not apply t o  t h e  region below, say ,  1 0  MeV, where 

we experience no t r o u b l e  i n  separa t ing  counts due t o  neutrons and gammas 

unambiguously, and have enough counts f o r  good s t a t i s t i c s .  Yet even i n  

t h i s  region do our r e s u l t s  d i f f e r  markedly from Armstrong’s ca l cu la t ions  

or  Jenkins’  resul ts .  
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CONCLUSIONS 

We have measured the neutron energy spectrum at 9 g/cm2 in the energy 

range from 3 to 60 MeV. The results appear consistent with those of 

Leavi t t  [1972] and Heidbreder e t  aZ, [1970] but differ from those of 

Jenkins e t  aZ. [1971] and PreszZer et aZ. [1972]. Our results also differ 

from the calculations of LingenfeZter [I9621 and Armstrong e t  aZ. E19731. 

To the extent that our data exceed Lingenfelter's calculations they 

increase the importance of the CRAND mechanism as a source of Van Allen 

belt protons. 

discrepancy. 

the reason for the differences. 

However, the increase is far from sufficient to remove the 

We suggest that additional work will be required to determine .- 

2 

I 

I 
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