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ABSTRACT ....- - 1  

. . 

Ra-diation survey  work a t  the  Berkeley Beyatron h a s  been  a cont inuous 
_. project  of the Health Phys ics  Group s ince  s t a r t -up  of the a c c e l e r a t o r  i n  

November ,  1954. A substant ia l  body of survey  da ta  h a s  accumulated,  f r o m  
which a gene ra l  pa t te rn  for  the s t r a y  radia t ion f ie ld  can  b e  constructed.  Th i s  

$.. ' r e p o r t  includes a s u m m a r y  of the  c h a r a c t e r i s t i c s  of the radia t ion f ie ld  
pat tern  a s  cu r r en t l yunde r s tood ,  a descr ip t ion  of the  var ious  techniques used  
to m a k e  radia t ion m e a s u r e m e n t s ,  and a d i scuss ion  of some  se r ious  p rob lems '  
encountered in- survey  work  a t -  th i s  a cce l e r a to r .  

/ 
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THE BEVATRON: GENERAL DESCRIPTION 

A brief description of the ~ e v a t r o n " . ~  i s  given h e r e  to se rve  a s  an 
aid in.understanding the main body of this  repor t .  F igure  1 i s  a plan view of 
the Bevatron building, showing the main fea tures  of the machine, shielding, 
and surrounding work a r e a s ;  the drawing i s  to scale  and depicts the cu r ren t  
status of these features .  e- 

*.- 

The acce lera tor  consis ts  of a l a rge  ring- shaped magnet which completely 
encloses the vacuum tank with a t  leas t  2 f t  of i ron  except a t  four equally 
spaced s t raight  sections, called tangent tanks.  The mean  radius of the 
proton-beam orbi t ' i s  50 ft, and the beam median plane i s  8 f t  above the level 
of the floor outside the magnet s t ruc tu re .  The main shield, located just 
outside the magnet, ' enc i rc les  a l l  but a portion of the machine near  the 
injector. The building i s  roughly c i rcu lar ,  except for  the motor  generator  
wing, and i s  105 ft  in radius,  with an  additional 30 ft radially along the south 
portion. This  outer space a t  the south on the main floor accommodates 
var ious shops, the main control room, and the experimental counting faci l i t ies .  
Directly above these facil i t ies on the Mezzanine, 15 feet  above floor level? 
a r e  offices and so.me additional shops. An experimental a r e a  has  been added 
to the northwest portion of the building ,subsequent to the work repor ted 'here .  

The c i rcu lar  building i s  marked  off into 2 4  equal angular segments ,  
t e rmed  bays ;  this division of space has  provided a bas is  for the physical 
layout of survey work. The ent i re  a r e a  outside the shield and inside the 
building should be available for continuous occupancy; shielding effor ts  have 
always beenrdirected toward this end. 

The main  shield i s  5 ft  thick and between 15 and 19 ft high; i t  i s  of 
ordinary concrete except for  the middle course  (around the median plane) 
which i s  of high-density concrete.  The shihld is augmented at .both the south 
s t raight  section and the west s t raight  section, the principle. ta rge t  a r e a s .  
No roof shielding has  yet been installed over any portions of the machine. 

Nearly a l l  important control and experimental  facil i t ies a r e  located 
near  o r  in  the four tangent tanks. The e a s t  tangent tank (ETT)  contains par t s  
of the injection system, one se t  of beam-measuring electrodes and a heavy 
plunging beam clipper.  The south tangent tank (STT) houses another set  of 
beam-induction electrodes and seve ra l  plunging probes.  The west tangent 
tank (WTT) a r e a  i s  the main experimental  portion of the machine. The tank 
houses a var iety of plunging probes,  and nearby in the ups t ream direction 



F i g .  1. P l a n  v iew of Beva t ron  s h o w i ~ g  (A)  Cockcrof t -  Walton a c c e l e r a t o r ,  
( B )  l i n e a r  a c c e l e r a t o r ,  ( C )  in jec to r  c o n t r o l  r o o m ,  (D)  m o t o r - g e n e r a t o r  
r o o m ,  (E) e a s t  tangent  tank, (F) south  tangent  tank, (G) w e s t  tangent  tack,  
(H) nor th  tangent  tank, (J) magne t  q u a d r a n t s  (4), (K)  magnet-pix c e n t e r ,  
(L)  m a i n  shie ld ,  (M) m a i n  con t ro l  r o o m ,  (W) e x p e r i m e n t a l  counting a r e a ,  
(P) s h o p  fac i l i t i e s ,  (R)  office s p a c e ,  and (1 t h r o ~ ~ g h  24)  b a y s .  



inside the southwest magnet quadrant a r e  located seve ra l  flip-up probes.  The 
north tangent tank (NTT) contains ' the beam accelerat ing electrodes.  Any of 
the probes can c a r r y  ta rge ts  into position for experimental purposes.  

.An operating cycle of the Bevatron proceeds a s  follows.. A bunch of 
protons: is  injected a t  the ETT f rom the. l inear  acce lera tor  - Cockcroft- 

. Walton acce lera tor  injector system. After ah  accelerat ion period of slightly 
l e s s  than 2 seconds, a substantial fraction (about 10%) of the injected beam . 

reaches  ah  energy of 6.2 Bev. ~t a predetermined time before the des i red  
beam energy i s  attained, typically 50'to 100 mill iseconds ear ly,  the required 
ta rge ts  a r e  brought into position either inside o r  outside the b e a m  orbit. The . 

beam i s  then dr iven radially onto the ta rge ts  by changing control pa ramete r s  
appropriately.  ' At maximum energy a period of 4 sec  i s ' r equ i red  to r e s t o r e  
.the init ial  conditions of the machine to receive and acce lera te  a second bunch 
of protons; thus cycles  r ecu r  a t  a r a t e  of 10 per  minute. 

A part ia l  l i s t  of Bevatr-on terminology, with definitions, is  included he re ,  
because these t e r m s  a r e ' i n  constant usage in s u r v e y  work; 

.. . . .. . , 

(a)  Current  m a r k e r ,  o r  I pip: A timing pulse ( 3 4  in  number)  that occurs  
a t  a cer tain magnet cur rent ,  and thus a t  a par t icular  beam energy; 
the high energy I pips and corresponding energ ies  a r e  tabulated a s  
follows: 

1 number Energy (Bev) 

3 . 2  . . 
4.15 
4.8 
5 . 3  
5.7 
6.1 
6.2 ' 

(b) Tangent tank: one of the four s t raight  sections located between 
. . .magnet . quadrants.  . ' 

(c )  Targets :  Two c la s ses  a r e  in general  use: ,  
(1)  Plunging ta rge ts ,  actuated pneumatically and located in tangent 
tanks. Designation of these ta rge ts  i s  according to tangeht tank, 
position with respec t  to the beam, and position in ' the par t icular  
tangent tank. Thus the WIN ta rge t  is in  the west tangent tank, i s  
operated f rom inside the beam orbit ,  and i s  located a t  the north 
(downstream) end of this tangeht tank. 

(2) Flip-up targets ,  actuated magnetically to, rotate  90 degrees  into 
ver t ical  position a t  the median plane, and located in the magnet , 

quadrants.  Designation i s  acc,ording to magnet quadrant and degrees  
of a r c  .in this quadrant either ups t ream or  downstream f r o m  a tangent 
tank. 
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RADIATION DETECTORS. . -, .. : j  . .- . . . 

Gen'eral ' ' . . 

The  va r ious  radia t ion de t ec to r s  used  a t  the  Beva t ron  inc1ud.e. ioniza-  
t ion chamber s ,  @roport ional  pulse  courite'rs, nuclear  - t r a c k  ,emuls ions ,  . , 

neutron-act ivated foils ,  and s'cintillation counters .  Because  of ,the low : ' , 

duty cycle  of the acce l e r a to r ,  the  only acceptable  mo'de of operat ion for  
t h e s e  de tec tors  i s  to in tegra te  t he i r  r e sponse .  While th i s  i s a n  . inherent  , 

prnperty Q£ emuls ions  and  foils ,  i t  i s  not  so  'ki th the  other  de tec tors ,  which 
provide ~ns tan ta t i eous  infurrrlclliuu Ll~al: i s  not natural ly  stoi.cd I n 7 . a  111rlg . 
enough t jme .  Thus the cha rge  collected by ari ion chamber rilusl: Le stared  
and subsequently m e a s u r e d ;  pu l s e s  f r o m  the  .other counte rs  m u s t  ,be counted 
and  r eco rded  b'y scal ing c i r cu i t ry .  

The  p r ac t i c a l  cullsequence of th i s  ~ i t u a t i o n  i s  our  almnst: complete 
r e l i ance  on s tandard  UCRL rack-mounted e lec t ron ic  counting equipment fo r  
su rvey  work.  Por tab le  ba t te ry-opera ted  rad ia t ion-de tec t io t  i n s t rumen t s  
have se ldom been used,  with exceptions-as noted in  the following pa rag raphs  
of th is  section.  

lonization Chamber  S 

The  ionization c h a m b e r s  used a r e  thin-walled plas l ic  c h a m b e r s  f i l led 
with a tmosphe r i c  a i r ,  with the i r  inner  su r f ace s  made  conductive by a thin 
l a y e r  of Aquadag. Such s imply  cons t ruc ted  chamber s  have been  found to 
exhibit  r e sponse  that  c losely  follows the r e sponse  of a "tis sue-equivalent  
chamber "  i n  radia t ion f ie lds  of the  consti tut ion fourld h e r e .  Posi t ive  ions  
a r e  col lected a t  the  cen t e r  e lec t rode  which i s  coupled to e i ther  of two 
indicat ion i n s t rumen t s .  Two dif ferent  s i z e  ion c h a m b e r s  a r e  used,  a l a r g e  

3 c h a m b e r  of 5200 cm- vu l lu~ le ,  dull a 51112~11 chamber  of 200 srn3 ~ r n l i i r n e .  
Photographs  of both i n s t rumen t s  with the two ion c h a m b e r s  a r e  shown in  
F i g s .  2 and 3. 

The  indicating i n s t rumen t s  m u s t  b e  ex t remely  ..sensitive, and .very 
ca re fu l ly  const ructed to min imize  leaEage of chamber  charge ,  because  the 
ionizing radia t ion levels  a r e  often l e s s  than 1 mic ro roen tgen  ( p r )  pe r  lo10 
acce l e r a t ed  protons .  The  rnore  sensi t ive  and m o r e  re l i ab le  of the two 
in s t rumen t s  i s  a Lindemann integrat ing.  e lec t rometeq  which i s  eas i ly  capable 
of detectsng 0 .03.  yr  per  Beva t ron  pulse when used with the l a r g e  ion chamber .  
(The l imi ta t ion h e r e  i s * a  r e s u l t  of the na tura l  background radiation,level;  
which i s  o f  the o r d e r  of 0.02 - 0.03 pr p e r  6 seconds  - the duration.01 the  
Beva t ron  cycle.  ) The in s t rumen t  i s  bas ical ly  a quar tz - f ibcr  e l ec t rome te r  
which h a s  continuously va r i ab l e ,  sensi t iv i ty  via  ad jus tment  of the quadrant  
vol tages .  Cal ibra t ion of the i n s t rumen t  with each  ion chamber  i s  pe r fo rmed  . 

i n  a known field 'of  r ad ium g a m m a  r a y s  a t  eGery i n s t rumen t  'sensit ivi ty used 
i n  ac tua l  .survey work.  The ~ inde rna r in '  e l ed t rome te r  s e r v k s  a s  a s tandard  
fo r  low-level  m e a s u r e m e n t s  of ionizing radiati0.n;. however;  i t  i s  an  awkward 
device  to c a r r y  about and can  be  r e a d  only by observat ion through a microscope .  

Thus  a second and m o r e  t ru ly  por table  in tegrat ing e l ec t rome te r  ha s  
been  bui l t .  Th is  unit u t i l izes  a two-tube e lec t ron ic  c i r cu i t  with a self-contained 



Fig. 2. Liindemann electrometer with small ion chamber. 



Fig. 3. Portable integrating electrometer with large ion chamber. 
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battery supply. The integrated charge i s  read a s  a current on a 50 pamp 
full-scale microammeter of the core-magnet type. The instrument i s  
calibrated in a known flux of radium gamma rays  with the same two ion 
chambers. Sensitivity can be adjusted over a range of 7:1 for each chamber 
by cIi+'nging the .capaciiance of the variabls air capa'citor which s tores  the 
charge collected on the ion chamber electrode. In normal prqotice, the 
i n s t r h e n t  operatee near maximum sensitivity; typical sensitivity valuee 
are :  15C) pr per full scale,with the small ion chamber, and 10 $r per,full  
scale with the large ion chamber. Most work in  occupied a r ea s  a t  the 
Bevatron requires maxiinurn sensitivity with the large. chamber, in which 
case a beam-pulee pioducing 0.2 pr a t  the chamber wit1 cause an upscale 
deflect3o.n of Oae:diwisi~n on the indicating ineter.  At these s e e .  instru- 
ment cmditions, 'the backgrrruad-radiation level causes an upscale deflec- 
tion of from 1' ta 2 divisions per minute. (This is a measured background 
level of 0.012 to 0.024milliroentgens/honr which compares well with a 
typical Lindenann measurement of 0.017 mr /hr  for background level. ) 

performance of3 the portable integrator has been carefully checked 
against that of the Liiaidemann Electrometer under Bevatron operating 
conditions - strong pulsed magnetic fields, strong radiofrequency-energy 
fields, large electrical nnjse transients. Performance has been found 
satisfactory everywhere bxcept in an a r ea  within a few feet of the linear- 
accelerator oscillators. This instrument has been used extensively fo r  
ionizing- radiation surveys around the Bevatron. 

, I : . : ~ x o p ~ r t ! & a t  ~ h u n t ~ r s  

The most  widely used i idiai ibn detectors a r e  proportional counters, 
and these a r e  employed primaricly $0 c o a t  nebtrons. Two k inds6  propor- 
tional counters have been used; one is Bensitive to slow neutrons, the other 
is sensitive to fast  neutrons; both a r e  relatively insensitive to gamma rays. 
Photographs of the counters and a cathode-follower coupling unit a r e  shown 
in Fig. 4. 

slow neutrons a r e  detected by the (n, a) reaction in a brass-wall BF3- 
gas counter. The BF3 gas i s  enriched in  the B ~ O  isotope to 96% B ~ O  F3. 
Standard gas filling pressure  i s  20 crn Hg absolute, although lower gas 
pressures  have been used for reduced sensitivity counters. A standard 
counter of 25 cm length and 4 cm diameter operates a t  a high voltage in  the 
neighborhood of 2000 volts, with a useful plateau of 300 to 400 volts. 
Counter pulses a r e  amplified so that most  (n, a) events produce pulse 
heights of 50 to 100 volts, while pulses from gamma events a r e  no greater  
than 5 volts; the counter provides excellent discrimination against 
competing events. 

Calibration of slow-neutron counters is performed in the known thermal 
flux generated by a Po-Be neutron source placed with the counters in  a 
cubical concrete enclosure. A counter filled to 20-cm Hg pressure-pro- 
duces - 4  counts/sec in a 1 neutron/cm2-sec. thermal flux of the calibration 
facility. 



Fig. 4. Standard BF j-filled proportional counter, standard PE-lined 
proportional counter, and cathode -follower coupling unit. 



One means of detection of fast  neutrons i s  also accomplished with the 
BF3 counter; the counter in this case must be surrounded by a n  appropriate 
thickness of moderator. (Paraffin is commonly used a s  a moderating mater  - 
ial. ) Either of two moderator configurations has been employed: (a) a 
Hanson-McKibben ~ o u n t e r 3 ~ 4  or fb) a ser ies  of paraffin jackets of various 
thicknesses that (almost) completely surround the counter. Both systems 
have relatively high efficiency and a r e  capable of producing 2 to 4 counts/ 
sec. in a fast neutron f l u x  of 1 n/cm2-sec when used with a 20 cm pressure  
BF3 counter. A discussion of the properties of these counting systems 
appears in the section dealing with neutron-energy determination. 

The standard detector of fast neutrons i s  the polyethylene-lined 
proportional counter 40 cm in length and 6 cm in diameter. The polyethylene 
liner i s  generally chosen to be 1/8-inch thick, and the counter is normally 
filled to 76 cm Hg pressure with an Argon - 570 GO2 mixture. Response of 
this type counter may be  shown to be proportional to the product Energy 
X Flux Density. The constant of proportionality for the particular counters 
here  employed i s  15 mev/cm2 per count for a fast-neutron flux normal to the 
counter axis. With a 1/8-inch thick liner the energy-flux density relation- 
ship holds up to the vicinity of 20 Mev neutron energy. Competition of 
gamma evente limits the minimum energy response to -0.2 Mev neutron 
energy unless extreme care  i s  taken in operational procedure. Thus the 
practical useful range for the counter i s  0.2 to 20 Mev neutron energy. 

IL i s  important tO note that the constant 15 ~ e v / c m '  per count r e f e r s  
to the zero  intercept of an integral bias curve taken with the counter. The 
zero  bias intercept i s  always an extrapolated point, and care  must be taken 
when ip?rforming this extrapolation. In addition, there is no clean separation 
between neutron events (proton recoils)  and gamma events, a s  with the BF3 
counter. This requires careful selection of the counter operating region to 
insure that gamma events a r e  not taken to be neutron events. 

A typical polyethylene-lined counter filled to 76 cm Hg pressure  oper- 
ates a t  1800 to 1900 volts. The amplified counter pulses range up.to LOO 
volts when the counter is exposed to a Po-Be neutron source. A radium 
gamma field of 1 to 2 r /hr  would then produce pulses up to 20 to 25 volts in 
amplitude. The operating point for the scaler  discriminator might reasonably 
be chosen a s  30 volts, a t  which point the observed count ra te  f rom the Po Be 
source is roughly 60% of the extrapolated zero-bias count rate.  

Calibration and set-up of the counter thus consists of determination of 
a n  integral bias curve in  a known flux of Po-Be neutrons, determination of 
the end point for  the radium gamma events from a flux a t  leas t  a s  intense a s  
the gamma flux expected a t  sur;ey locations, and selection of a discriminator 
setting above this end point. The integral bias curve generated with a Po-Be 
source shows counter response in  an essentially gamma-free fast-neutron 
flux, and shows the conversion factor that must be applied to counter data 
obtained with the chosen discriminator level to reduce survey measurements 
to units of ~ e v / c m ~ .  Behavior of the counter in  a appropriately intense 
radium gamma field enables one to select a discriminator setting high enough 
to exclude the gamma events, but a t  the same time low enough to permit 
registry of a large fraction (50 to 70% ) af fast-neutron events. 



The instantaneouspma- flux levels encountered at  the Bevatron can 
be surprisingly high. , For example, a typical survey location on the main 
floor shows 5 gr per machine pulse measured with the ion-chamber 
instruments. At least 90% of this total radiation accompanies beam spillout 
at  the end of the accelerating cycle, a time interval of between 10 arid 100 
milliseconds. The equivalent steady- state radiation levels range from 
1800 to 18000 mr/hr for these spillout conditions. The higher of these 
intensities generates an environment in which operation of the counter8 
must be checked very carefully to insure that only Reatrone a re  counted, 
because the numerous gamma events can "pile upr+ to produce pulse heighte 
rnn~iderably greater than any single pulse. 

A third type of pulse counter has seen extearive use a t  the Bevatron-a 
pulse ion chamber. This chamber detects the fission of ~~3~ by slow 
neutrons; it i s  fully described in the Radiation Monitor section, 

. . 
Neutron-Sensitive Emulsions, Foil Activatiurr -.. 

The uses of nuclear-track emulsions and neutron-activated foile a re  
described in the sections dealing with results obtained, pages 58 - 60 and 
pages 60- 70 respectively. 

hintillation Counters 

Scintillation counting has been employed only rarely, and then not in  
a quantitative manner. Severe magnetic shieldiq problems accompany tlie 
use of phototuber near the Bevatroa, and theb soltrtlun to these problems ia 
at  the expenee of mobility. Of greater imprtsrace ia.the fact that for the 

' energy range 0.2 to 20 Mev, rso neutron-sea~iltfve scintillatar8 a r e  available 
that resolve neutron events +sr, the presence of gamma eventr to the degree 
reqilired'in survey work. As greater emphasis i ( r  placed on work with 
threshold detector s, scintillation counting techniques will urrdwublerll~ come 
into more extensive use. 

Electronic Eaui~ment  

The proportional counters a re  used with standard UCRL rack-mounted 
electronics equipment. Counter high voltage i s  supplied from an electroa- 
ically regulated high voltage source, and i a  metered with an electrostatic 
voltmeter. Counters a re  coupled mechanically to cathode-follower d t s  
of 1 2 5 4  output impedance; the low output irnpedhncle;p'ermits .us& of at 
least 200 feet of cable between counter and rack equipment. Signale from 
the cathode follower drive a linear pulse amplifihr that produces positive 
output pulses up to 100 volts in height a t  a low impedance level. Amplifier 
voltage gains of between 6000 and 10,000 a re  commonly used with a 
frequency bandpaes of 2 megacycles. The pulses a re  co-unied on either a 
binary or decade scaler which is driven by a high- stability pulse-height 
discriminator. Figure 5 is a photograph of a survey rack containing all the 
electronic equipment needed to run two taunters, complete with a forcad- 
air  cooling reystem, wheels, and lifting eyes; a portable oscilloscope can 
be carried on the shelf at  the left side of the rack. 



Fig. 5. Completed survey rack, containing all the equi6rnent required to 

run two proportional counters. 



Counter performance is contitaually monitored with an oscilloscope 
during survey work, a s  a matter of course. Such visual observation of the 
amplifier pulse output can show immediately the presence of many troribles 
that might otherwise be difficult or impossible to .detect. The problems of 
electrical and magnetic noise interference are generally evaluated and 
resolved via the oscilloscope, A whole s p c t r u m  of troubles which show up 
as deteriorating pulse shape a re  easily seen on the scope; these troubles 
often develop gradually and may be very hard to n ~ t i c e  in scaler data but 
can at the same time render this data virtually worthlese. 

Gertesinly ona of the moot quatul oazi2lprc.gp Ffixnetiane ia  it a ability 
to show quickly and simply whatlief fat&;;katanarrug rolrntiug r d e a  are tab 
high for the electronic c i rca t ry .  Becauee pulse. paLirs m w t  be separated 
by a t  least 5 psec to drive the: scaler reliably, it ir aaly neceesrary to 
determine that two pulsee never (or very rarely) @$cur within this tine 
interval on a scope trace to assure that t u s  requirement is met. Ngh 
instantaneous count rates a t e  frequently encountered, and thi# technique of 
oscilloscope observation haa proved to be an invalwiiIe a d  t o  succerar~fui 
survey work. 

BEVATRON RADIATION MCXSITOR 

Because the stray radiation field generated 4y a particle acceEerator 
i s  incidental to the purpose of the machine, neithsr operators nor esperi- 
menters direct much effort to maintain c~astancy )tf thie extrameow flux. 
Whenever possible, effort is chaatxeled to reduca tbtt otray flux to a minimum, 
but not usually to a constant miaimtan, S&gaifjeaat vqrjations can be 
expected, and must be t a b a  into ac~aurrt where wt~zvey results arb aaalyaed; 
this is of particular importance if the over-all radiation pattern i s  to be 
constructed from the varioua rnrsasurcments. &k the Bevatrim thie variation 
i s  sometimes so significant that i t  hger readered iaWr retatioa of data all  P but impossible. Certainly, 6ne of the gxeata'st disficu ties d t h  Bevatron 
survey work has been the problem of corrc;latinp mossurements t a k a  at  
different locations and/or different t h e e ,  

For this reason, a great -deal of attention and much effort has been 
d e ~ o t e d  to the development of facilities dedgaed to furnish the informatCon 
needed to permit reliable correlation of ewvey measurements. The 
Bevatron supplies some of thie inforrnafion. The proton beam ia continuously 
llobservedtl by means of a system of induction electrodes. The eigmal 
generated on these electrodes by passage of the proton beam through their 
hollow structure i s  amplified to a switgble 16v&t-andthen presented in  
various ways a s  beam information. Both beam magnitude and radial be- 1 
position, in particular, can be ascertained from this information. 

. Accelerator operators normally observe the beam as a dual-rf, 
envelope on a slow-'sweep oscilloscope; the relative amplitudes of these 
two envelopes indicates the radial position of the beam orli'it, while the 
sum of the envelopes i s  proportiowl to the total c i rc~lat ing proton beam at  

. each instant. The a w n  signal is often presented a s  a single ekwelop on a 
second scope. (There a r e  other types of beam-information display, but 
these a re  not generally useful in radiati~n-survey work. ) 



The sum signal, proportional to the proton beam, becomes a quanti- 
tative measure  of the beam magnitude when the proper  calibration i s  applied. 

. This  signal i s  generally used to indicate proton-beam magnitude by operators '  
and experimenters ;  i t  h a s  a l so  always provided useful information f o r  
radiation- survey measurements .  
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. The s m  s i g n a 1 . i ~  also presented on an integrating chart  r eco rde r -  
a sys tem designed to indicate the total number of accelerated protons. 
Included in this system i s  a tuned rf a.mplifier and switching re lays  which + 

p e r m i t  the integrator  to "see'l the beam magnitude a t  only one predetermined 
instant.  The instant i s  chosen typically close to maximum beam energy, 
and it' i s  infer red  that the beam of this magnitude reaches  maximum energy; 
such may not be  the case .  In a s imi lar  manner ,  the integrator te l ls  nothing 
of beam loss  pr ior  to i t s  sampling t ime.  These two possible sources  of 
inaccuracy (of which the la t ter  i s  the m o r e  ser ious) ,  plus the difficulties 
experienced in attempting to maintain calibration of the equipment, have 
combined to render  the system an  often unreliable monitor for our 
purposes.  

Two encouraging fac tors  should be  noted, however, both should enhance 
the value of the induction-electrode integrator  information to survey work: 
(a) the Bevatron has  steadily become a m o r e  stable and reliable acce lera tor ;  
(b) r e  cent engineering modifications to the ent i re  induction- e lec t r  ode sys tem 
should greatly improve its reliability. The ilnprovements in Bevatron 
performance tend to reduce beam loss  pr ior  to maximum energy, while 
improvements  in  the system itself render  i t s  response m o r e  believable. 
There  has  been no opportunity to check these things yet. 

Because the Bevatron .equipment has  not supplied information to 
satisfy radiation monitoring requirements ,  i t  has  been necessary  to invest-  
igate the establishment of separa te  monitor sys tems,  based on the s t r ay  
radiation r a the r  than .on .the p r imary  pikoton beam. 

Numerous at tempts  have been made to establ ish a rel iable  means  for  
correlating data f r o m  different survey points and f rom different t imes .  
One such method employes a slow-neutron counter located along the ver t ica l .  
axis of the Bevatron. This counter s e e s  a l l  pa r t s  of the machine equally, 
and should therefore  be relatively insensit ive to local variations in  beam 
dynamics and ta rge t  configurations. 

Initial investigation of the 'centrally located monitor was undertaken 
in .October 1955 during a Bevatron run  that provided long periods of steady 
high-intensity beam and e,ssentially constant experimental conditions. The 
behavior of the monitor,  a BF3 counter (BF3- 131, was compared to the 

, response of two counters  located outside the shielding a t  the r e a r  of Bay 
20 - a BF3  counter (B.F3- 16) and a polyethylene-lined counter,  (PE- 1)--and 
compared to the total  integrated proton beam, a s  indicated by the induction- 
electrode beam-monitor system. 

Table I[ is  a summary  of representat ive data obtained a t  this  t ime.  The 
following important  facts  a r e  evident f r o m  the data: 

, 



Table B 

Radiation monitor data: initial investigation of central  pit m~nita;.. 

Data Targe t  Beam condition Praton B F ~ - 1 6 4  = - I /  
Sets Runs Location Description and energy I n t e g r a v r l  BF3- 13 BF3- 13 

(Bev) BF3- 13 

I 1 Sl W @hem 5.7 . + .03 t .04 
thr o ugh 1.28 1.05 3.54 

5 - -05 - .06 

9 2'310 
through ups t ream 

11 4 f r o m  
WTT 

111 15 2'3 1' Cu 
through ups t ream 

P 8 f rom 
WTT 

IV ' P 9 
'.- a n d '  

2 0 

2'31' 
upstream 

f rom 
WTT 

d 
s t ee r -  0-64_ . o j  _ .08 '  5.68 

ing beam 

Beam 0-77 - -00 0-98 - -00 3.76 
stable 

a An attempt was made during these runs to'shift the beam orbi t  slightly ts modify the spill-out 
pattern.  The beam would not shift a s  desired;  the conditions for  Runs 19 to 213 are ,  again, these 
existing for Runs 9 to 14. 

b .  * values show maximum deviatioais ~f separate  runs in' a se t  from the a-rage value for  a l l  
runs i n , a  set. 



(a)  At 6 . 2  Bev the relative response of the proton integrator  to  BF3-13 
remains  constant for the three  se t s  of Bevatron operating conditions 
whereas the two Bay-20 counters  show wide variat ions in  this  
respect .  

(b) The relative response of the proton integrator  to  B F  -13 ' i s  sen- 
- sitive ei ther  to beam energy or  ta rge t  position, or  bo&, a s  shown 

by comparison .of the 6 . 2  Bev with 5.7 Bev se ts .  

These points suggest that for  given beam energy and ta rge t  location a 
meaningful correlat ion can be established between the proton beam via the 
beam monitor and the center  slow-neutron monitor ,  and fur ther ,  that ' the 
calibration should hold to within 100/0 fo r ' t he  duration of this mode of Bev- 
a t ron  operation. Such a comparison can be performed immediately following 
calibration of the proton-beam monitor ,  thus insuring the bes t  calibration 
available. Because the slow neutron counting sys tem is much m o r e  stable 
than the. proton-beam monitor sys tem,  a monitor of g r e a t e r  reliabili ty fo r  
Health Physics  purposes should resu l t  f r o m  this,  procedure.  

. . 

Another set  of data', shown i i  Table 11, i l lus t ra tes  the so'rt of problems 
often encountered i n  analysis  of Bevatron survey data.  These runs. were  a l s o  
taken during the period of init ial  exper iments  with the cent ra l  monitor.  .The 
data was taken during a period when the proton-beam monitor exhibited . 

unstable behavior.  F o u r  different c a l i b ~ a t i o n s  for  the monitor were  taken, 
each t ime 'comparing integrator  response  to the control-room oscilloscope. 

It can be seen f rom Table I1 that for  each se t  of data, the r a t io  proton 
i n t e g r a t o r / ~ . ~ 3 -  13 i s  constant within 5% of the average  for  the set ,  and that 
these'  s e t s . r ep resen t  definite jumps in  the response  of one of the counters .  
Because B F  - 13 calibration was known to r ema in  constant, e i ther  the slow- 3. neutrpn flux in the pit, o.r 'the proton monitor calibration mus t  have changed. 
Over-al l  beam level a s  r ead  by the Control  Room oscilloscope was observed 
to be  .reasonably steady a t  approximately 101° protons per  pulse throughout 

, 

these measurements .  

Se ts ' I ,  :II, and 111 were obtained under identical conditions insofar  a s  
the opera tors  could determine.  Both BF3- 16 and Pe-  1 showed approximately 
the same relat ive response for  a l l  t h ree  s e t s ;  but the proton-monitor relat ive 
response showed a definite jump for  Set 111. This  abrupt  change occur red  a t  
the s a m e  time that the proton monitor  cal ibrat ion shifted. These  f ac t s  a r e  
taken, to  mean that the proton-monitor sensit ivity changed, and that the 
radiati.on f ie ld remained essent ial ly  copstant.  

Sets . IV and V were obtained under two different beam-s teer ing  condi- 
4 tions, each condition different f r o m  the ini t ia l  conditions. Considerable  

variation in response of a l l  de tec tors  i s  noted. Data obtained in  la te r  work 
with indi? foils (pages 40 - 7 0 )  shows that g rea t  var iat ions in  the radiation 
intensity can be  expected near  tangent tanks for d i f fe rent ' t a rge t  configurations, 
and when beam dynamics a r e  changed, a s  in the above case .  In par t icu lar ,  
if much of the beam were lost  at  high energy near  the STT, these high . 
readings for the Bay-20 counters  would be  expected. It i s 'wor th  noting that 
f o r  both these se t s ,  the beam was forced to a sma l l e r - r ad ius  orbit .  



Table  I1 - 
. . 

Radiation moni to r ,  data  s h ~ w i n g  e r r a t i c  behaviour of proton-beam moni tor  
f o r  single t a rge t  locationa 

Data Run Nos . ,  Beam condition ' .  Pro ton  B F  -'16/' . PE- 1/ P ro ton  
Se t s  Liiclusive and energy  1 n t e g r a ~ r /  B$- 1 3 ~  B F j -  13 Integrator  

Runs (Bev) BF3:- 13 Ca l i  r a t ion  
18 10 p/div. 

111 18 to 22 6 ,2  t . 0 4  

s teer ing.  
b e a m  

V 29 to  31 6 .2  
s tee r ing  

b e a m  

a Copper t a rge t  located 20311 ups t r eam f r o m  WTT. 

b* values  - -  etc .  a s  on Table 1, f o o t n ~ t e  2. 
C 

W 
An at tempt  was made  to move the b e a m  orbi t  to a s m a l l e r  r ad iu s  l o r  these  runs ;  the  s m a l l e r  P 

orb i t  was achieved,  a s  de te rmined  on the con t ro l - room o s c i l l o s c ~ p e .  t? 
03 
W 
4 
4 



The proton-beam monitor i s  par t icular ly susceptible to e r r o r  (for our 
purposes)  fo r  conditions such a s  existed during Sets  IV and V. Because this 
device records  beam amplitude a t  only one instant during the acceleration 
cycle, typically just  before maximum energy i s  attained, l o s s  of beam pr ior  
to the sampling time goes unnoticed. Thus a la rge  fraction of the beam might 
be lost  between 4.1 and 5.7 Bev, while the proton monitor ,  set  to measure  at  
5.7 Bev, r eco rds  only the residual  beam. This lost  f ract ion would produce 
a significant s t ray-radiat ion field, and so counter measurements  would not 
cor re la te  well with proton monitor data. Such conditions a r e  very likely to 
occur when beam steer ing i s  changed, especially i f . the  changes a r e  for so 
short  a t ime that beam stability i s  not achieved; just this so r t  of situation 
existed here. .  

Immediately following these initial tes t s ,  the BF3  central-monitor da ta .  
became a regular par t  of Bevatron survey data. However, i t s  response a s  
well as  the response of the p-ther monitoring sys t ems ,  has  .always been ' 

viewed with skepticism. When po s sible, severa l  monitors  a r e  compare'd and 
in  the frequent cases  where there i s  disagreement  among the monitors ,  an 
intelligent choice must  be made a s  to which'one should be used to in te rpre t  
survey data. 

The .choice may be  obvious: the proton beam monitor exhibits rf: pickup 
o r  wide drift  in calibration, and i s  disqualified. Another i l lustrat ion of this 
case:  a fast  neutron counter i s  se t  up to be a monitor in an a r e a  for  f a s t -  
neutron surveys in  that a r e a  and relative.  levels a r e  measured  in  this manner ,  
a s  for the WTT maze  survey (see  '39). The re  a r e  t imes  when the choice 
i s  made relative to previous data;  there  a r e  a l so  t imes  when the choice must  
be made  according to such qualitative evaluations a s  "how the machine i s  . 

running". 

. F o r  the exposures  of three  se t s  of Eas tman Kodak NTA fi lms during 
November - December 1955, the .central  monitor alone provided information 
related to the total  accelerated protons. Ten calibrations checks were  made 
during this period (see  Table III), comparing the B F  ' counter response to 3 
beam amplitude a s  reported by acce lera tor  opera tors  viewing the control- 
room oscilloscope. All calibrations fal l  within * 207'0, and i f  one ex t reme 
value is discounted, ' the remaining 9 fall  within *lo%. The utility of the cent ra l  
radiation monitor was great ly .  strengthened by this performance. 

It i s  desirable  that the central-monitor  counter sys tem be a s  stable and 
trouble - f ree  a s  possible. Of par t icular  importance i s  th.e high-voltage 
stability of the counter itself. Although the BF3-fil led proportional counter 
exhibits a useable plateau of up to 300-volts length a s  normally operated in  
our' work, and i s  considered a thoroughly reliable counter,  frequent cal ibra-  
tion checks a r e  necessary  when reproducible r e su l t s  a r e  to be expected. 
Such ~ a l i b r a t i o n s ' m a ~  be awkward to  per form if, fo r  example, the counter 
were in 'position a t  the top center of the Bevatron. building. 

A counter meeting these r e q u i t g y e n t s  i s ,  w i t h  one re 'servation an ion, 
chamber that has  a thin deposit of U on al ternate  paral le l  plates.  The 
chamber operates  a's: a pulse counter,  with i t s  .collection sys tem ar ranged to 



Table 111 
Comparison of cent ra l  radiation monitor and control-room oscilloscope 

beam calibrations 

Run No Date c on it or . 
Calibration 

(protons/lOOO counts) 

, .  . 1 . . . .  . . ., . .... . . . . .'AGefai.e ', : . . . . . . .  .. 9.6 X 10l0;  a l l  within 
:7 , . . ' -  , of 10 runs  1 207" 

r.1 Average of 
Runs 1 through . 

4 and 6 thrniigh 
10 

9.4 X 10l0;  a l l  within 
* 1070 

respond only to the electron component of ionization in the counting gas .  
N utrons,  pr imar i ly  thermal  and epithermal,  a r e  detected a s  f iss ions of 

. and produce pulse heights severa l  t imes  those of competing events. 

Such a chambcr was available for  use i n  this  investigation. The 
chamber contains an a r r a y  of 13 paral le l  c i rcu lar  plates 12 cm in diameter  
and spaced 1 c m  apart .  Seven plates a r e  coated with ~ ~ ~ 5  on both s ides ,  7 

and aluminum plates (6 in  a l l )  a l ternate  with ~ 2 3 5  plates in the a r r a y .  
High voltage i s  applied to the coated plates and the fission events a r e  
observed from ionization collected a t  the aluminum plates.  A counting gas  
of Argon - 5% CO a t  1 atmosphere i s  used to give a favorable rat io  of 
fiskdon to alpha pu f se  height. 



I There  a r e  severa l  advantages offered by this counter: 

(a) The high-voltage plateau extends f rom 500 . v upwards A to a t  least  
1000 volts (the upper l imit  of investigation). ' 

(b) The argon - 5% ~0~ counting gas  i s  m o r e  rel iable  in  counters and. 
much m o r e  eas i ly  handled outside counter s . than i s  BF3  gas.  

(c)  The alpha- par t ic le  activity of u~~~ pro,vide s a built-in calibration 
facility which, incidentally, does not in te r fere  with normal  
operation. 

. . 

The single disadvantage i s  that fission pulses  f rom the chamber a r e  a t  
a signal level of only 1 millivolt max imum. .  Because the problem of e l ec t r i -  
cal  pickup has  always been ser ious  a t  the Bevatron, doubt existed that these 
small  pulses could be  distinguishe.d above the noise level.  That this problem 
never proved to be ser ious  i s  a tr ibute to the competence 0.f William Goldsworthy 
of the Electronics  Group, who designed and engineered the l inear  amplifier 
modelV and companion low-noise preamplifier used for  the u~~~ chamber.  
Both units were  designed to minimize internal  noise generation and noise 
pickup f r o m  external  e lec t r ica l  sources .  Typical operating conditions a r e :  

40, 0.00 Voltage gain: 
F iss ion  pulse 40 v 
Alpha pulse (10 v 
Noise pulse 2 t o 3 v  

Initial work &th the u~~~ chamber a t  the Bevatron was pe i formed i n  
July 1956 during another experiment  that provided long periods of steady 
high-intensity beam with nearly constant operating conditions. ' Behavior 
of this chamber was investigated with respec t  to BF3- 13 and the proton- 
beam 'monitor. Both counters were located a t  the center of the magnet pit 
in  an elevator that could be r a i sed  to any des i red  height in . the byilding. 

The curve plotted in  Fig.  6 i s  an integral-bias  curve for  the U 
235 

chamber taken a t  the 55-ft level;  the points have been normaliz,ed .with respec t  
to .BF3-  13 response.  Alpha part ic le  events can be seen to count a t  the 10-v 
level, and were  observed up to 13 v. The lower point a t  10 v r ep resen t s  the 
calculated neutron component a t  this level,  based  on the upper data point and 
a background run  taken with no Bevatron beam. The point fa l ls  nicely on the 
curve a s  extrapolated back to the z e r o  bias  intercept.  

The smooth .c.tirve indicated that the chamber system was working 
satisfactorily,  and that a suitable operating point could be chosen. somewhere 
on the relatively flat  portion of the curve. At this  t ime the ra ther  high value 
of 35 v was selected, partly.  because e lec t r ica l  pickup problems would .be 
minimized when the highest reaso'nable b ias  setting was used, and partly f o r  
the e a s e  of comparison of the two counters  when their  counting rat io  was 

' n e a r  unity. That the curve does not show a m o r e  definite tendency toward ' 
the horizontal i s  to be  expected, because the u~~~ coating i s  thick with r e spec t  
to fission-fragme nt range. 



Discriminator .se t t ing  . 
MU-16029 

10 

~ i ~ .  6 .  UL3' ion-chamber integral  b ias  curve. '  High voltage i s  -600 volts. 

- . . .  .. . .. - 0 - . . 
.o 5 5  foot level 



Considerable  addit ional  data  was  obtained a t  th i s  t ime  re la t ive  to the 
re l iabi l i ty  of t h i s  counting sys t em;  ana lys i s  of t h i s  informat ion indicated that  
the de s i r ed  stabil i ty could be  expected f r o m  the s y s t e m  in  i t s  exi.sting f o r m .  

Of par t i cu la r  i n t e r e s t  a r e  two other  curves , .  Fig .  7 and .Fig. 8, plotted 
f r o m  data  taken dur ing the July  r u n s .  F i g u r e  7 shows the  r e sponse  of the  
u~~~ chamber  re la t ive  to B F  counter  r e sponse  a s '  a function of height i n  . ' 
the building. The r a t i o  u ~ ~ ~ ~ B F ~  i s  s een  to v a r y  significantly with 
elevation;  th is  i s  taken to  m e a n  that  the neutron-energy spec t rum changes, 
with elevation. F i s s i o n  i n  ~ 2 3 5  occu r s  with f a s t  neutrons  m o r e  read i ly  
than does  the (p, a) reac t ion  in  B lo  with the s a m e  energy  neutrons;  t hus  i f  
the two counte rs  w e r e  placed i u  a mixed  f l u  (both slow and f a s t  .neutr.ons) 
a u~~~ counter  should show a re la t ive ly  higher  counting ra te .  The  median  
plane of the Bevatron beam i s  a t  15 ft,  and the  enhanced ~~~5 r e sponse  
between 20 and 40 ft i s  thought to b e  a s soc i a t ed  with the high fas t -neutron 
flux i n  th is  region.  Depress ion of ~~~5 r e s p o n s e  a t  lower  l eve l s  is i n t e r -  
p re ted  a s  a re la t ive  i n c r e a s e  i n  t h e r m a l  flux contributed by the  concre te  
f loor i n  the  pit.  Depress ion  of u~~~ re sponse  a t  the  highest  l eve l s  i s  
reasonably explained a s  the resu l tan t  of two f ac to r s :  (a) dec rea sed  f a s t  . . 

flux because  of i nc r ea sed  dis tance f r o m  sou rce  of f a s t  neutrons  (the media.n 
plane);  (b )  i n c r e a s e d  n e a r - t h e r m a l  flux because  of the  g rea t ly  i n c r e a s e d  
a r e a  of the  ex te rna l  concre te  shield vis ibi le  a t  these  heights,  pa r t i cu la r ly  
the i n c r e a s e  i n  a r e a  not obscured  by the  Beva t ron  magne t  i ron .  - 

The  c u r v e s  shown in  F ig .  8 depic t  r e sponse  of both counte rs  a s  a 
function of height re la t ive  to the proton-beam moni to r .  Two points of 
espec ia l  impor tance  a r e  noted: 

(a) the counting r a t e s  above 60 f t  a r e  much  higher  than a t  any other  
l eve l  

(b)  the counting r a t e s  show a g r e a t  change between 50 and  60 ft .  

The g r e a t e r  counting r a t e s  f r o m  (a) a r e  a s soc i a t ed  with the i n c r e a s e  in  
visible shie ld  a r e a ,  a s  explained above.  The  abrup t  change. in  .counting 
r a t e s  f r o m  (b) m a y  be  a s soc i a t ed  with the fac t  that  a t  55 ft ,  the counte rs  
e m e r g e  f r o m  a pa r t i a l  enc lo su re  of s tee l .1 -beams ,  to  t r a v e l  i n  open air 

, a t  all g r e a t e r  heights .  

It m u s t  b e  emphas ized  that  these  explanations a r e  ba sed  on r a t h e r  
m e a g e r  evidence,  but do  s e e m  reasonable  i n  light of th i s  evidence.  T h e r e  
m a y  b e  other  explanations of the observed  effects ,  and only through f u r t h e r  
exper imenta l  w o ~ k  will i t  b e  poss ible  to  de t e rmine  which explanations 
de sc r ibe  the r e a l  situation. 

235 
Counting c h a r a c t e r i s t i c s  of the U chamber  we re  m o r e  extensively  

investigated in  October 1956, when a 10-channel d i f ferent ia l  pulse-height  ' 

I ana lyzer  became  available fo r  th i s  work.  

The chamber  was exposed to  the  neutron flux f r o m  a Po-Be neutron 
sou rce ;  a 4-inch s lab of paraff in  was  placed between sou rce  and counter  to  



Height in  ( f ee t ]  

F i g .  7. ~ e s ~ o r ? s e  of u~~~ i on  c h a m b e r  r e l a t i v e  to  BF coun te r  f o r  
v a r i o u s  .e levat ions  a long the  c e n t r a l  column.  
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provide a substant ia l  t he rma l -neu t ron  flux. The amp l i f i e r  opera ted  a t  
approximately 'half-normal  gain so  that  the end point of f i s s ion  events  could 
b e  conveniently observed .  Data was  taken i n  differential  pulse-height f o r m ,  
to  b e  converte'd to in tegra l  f o r m  a s  r equ i r ed .  Chamber  r e sponse  w&,sl . 

s tudied fo r  a r ange  of high voltage f r o m  300 to 1000'volts  in  50-volt 
i nc r emen t s .  Figures '  9 and 10 a r e  respec t ive ly  in tegra l  and di f ferent ia l  b i a s  
c u r v e s  f o r  s e v e r a l  high' voltages.  It i s  seen  f r o m  Fig .  9 that  fo r  any given 
b i a s  l eve l  below 10 vol ts ,  t he r e  i s  l i t t le  change i n  counting r a t e s  over..the 
i n t e rva l  450 to 1000 vol ts .  Because  the  chamber  normal ly  ope ra t e s  at' 600 
vol ts ,  the  600-volt  c u r v e  i s  used a s  a bas.e f o r  the following pe r fo rmance  
ana ly s i s .  In addition, a b i a s  set t ing of 41 vol ts  i s  chosen as  a n  -opera t ing  
point: th i s  set t ing corresp,onds  to  the higher se t t ing  u f l 3  vulls used ii.1 

prac t ice  with g r e a t e r  ampl i f ier  gain.  Changes  i n  the counting r a t e  p,roduced 
. . by changes  i n  gain  o r  voltage. are.: 

High voltagc d e c r e a s e  ._ t 4  450 .iroIts: -4% change i n  rnllnting' rate 
High 7.roltag-e desr,eas.c. ' t.6 500 volt,$: - 1'% :change i n  count ing rate,., 
High voltage, . i 'ncrease '  to ~l000'volt ,s : .  +20/0 change i ncoun t ing  r a t e  
Gain change of * 100/0o: f 47'0 change i'p counting .rate 
Dis ,cr iminator  change 'of * 1 v.olt:::f 47% change in  counting r a t e .  

. . 
- 

Stabil i ty of r e sponse  t o  high-voltage change i s  thus sa t i s fac tory  with 
the 600-volt  ba t t e ry  box presen t ly  i n  use ;  t h i s  s tabi l i ty  could b e  improved  by 
a n  i n c r e a s e  in  ba t t e ry  voltage to 900 volts ,  but  the gain i n  pe r fo rmance  h a s  
not s e e m e d  just if ied i n  view of the i n c r e a s e d  s i ze  and weight of such  a supply. 

Stabil i ty aga ins t  changes  i n  gain and d i s c r imina to r  level ,  while adequate,  
l e aves  something to b e  de s i r ed .  Both gain and d i s c r imina to r  l eve l  can  b e  
checked eas i ly ,  and  a r e  checked a t  f requent  i n t e rva l s  so  that  no s ignif icant  
change i n  sensi t iv i ty  i s  pe rmi t ted .  Higher ampl i f i e r  gain could be  used S O  

that  a given absolute  shift  i n  d i s c r imina to r  l eve l  would produce a s m a l l e r  
pe r cen t age  change in  counting r a t e ;  however ,  i t  i s  de s i r ab l e  to work  a t  a s  
low a ga in  a s  poss ible .  Some other  solution i s  needed.  

The  di f ferent ia l  b i a s  c u r v e s  of F ig .  10 do not show a pcak i n  pu lse -  
height d is t r ibut ion;  however ,  i t  i s  poss ible  that  the peak would appea r  if 
the s y s t e m  gain w e r e  i nc r ea sed .  F i g u r e  11 shows both di f ferent ia l  and 
i n t eg ra l  b i a s  c u r v e s  t aken  with the  gain i n c r e a s e d  a fac tor  of 4. No peak i s  
evident i n  the  di f ferent ia l  spec t rum,  even  though pu lses  a s  s m a l l  a s  those  
f r o m  a even ts  a r e  counted. The a counts a r e  r e g i s t e r e d  up to the  30-volt 
level .  T h i s  behavior  i s  i n t e rp re t ed  as addit ional  evidence that  thc U 23 5 

coat ing i s  much  too thick.  

It  i s  p roposed  to  p r e p a r e  a new s e t  of u~~~ coated pla tes  having a thin 
ac t ive  l aye r  of the  o r d e r  of 0.5 m g / c m 2  th ickness .  Grea t  improvemen t  in  
s y s t e m  pe r fo rmance  can  be  expected a s  a r e su l t ,  e spec ia l ly  with r e s p e c t  
to s tabi l i ty  under gain- change and: d i s c r imina to r  - l eve l -  change.  condit ions.  
The  improvemen t  h e r e  comes  a s  a r e s u l t  of a m o r e  unique pulse  height 
produced by f i s s ion  i n  the  thin act ive  l a y e r .  
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Fig. 9. u~~~ ion chamber integral-bias  curves for severa l  high 
voltage s ;  neutrons a r e  f rom moderated Po-Be source.  
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Fig.  10. u2)' ion chamber  di f ferent ia l  b i a s  cu rves  f o r  s e v e r a l  high 
vol tages;  neutrons  a r e  f r o m  mode ra t ed  Po-Be source .  



Pulse height (vo'lts ) 

F i g  1 1 . '  ~ ~ ' ~ , i o ,  chamber differential- a i d  integral-bias ' curves, 
' 

showing position of a-pulse heights. ' High voltage i s  60Qvolts.. . . 



Recent work a t  the Bevatron has  shown the chamber to have a g rea te r  
than needed sensitivity; in fact,  the sensitivity has  had to be reduced by 
wrapping cadmium around nearly 80% of the counter surface to prevent 
jamming of electronic counting equipment. A fur ther  improvement in 
performance can be,effected by a reduction in number of plates in the chamber,  
thus decreasing chamber capacitance and thereby increasing output-signal 
level. The gain real ized h e r e  may  be a s  la rge  a s  a factor of 5, which would 
permi t  considerable reduction in over -a l l  amplification without a sacr if ice  
of pulse height. 

In summary ,  the centrally located slow-neutron detector has  proved 
to be extremely ~ a l u a t & ~ a s  a monitor for  the s t r ay  radiation field of the 
Bevatron. Use of a U -f iss ion ion chamber for this counter has  been 
shown to be pract ical ,  and the counting sys tem in i t s  present  form sat isf ies  
the. c r i t e r i a  for accuracy  and reliabili ty now required, provided reasonable 
c a r e  i s  taken when the equipment i s  operated. Proposed improvements,  to 
be made  in  the near  future,  should t ransform the sys tem itito a very stable 
and t rouble-free counting system, one that r equ i re s  a minimum of attention 
and maintainence. This i s  just the so r t  of equipment needed for  the job. 

Fur the r  experimentation with monitor counters  i s  scheduled, and 
includes the use of other types of counters  a t  the cent ra l  location, a s  well a s  
the use of counters  a t  other locations. Indications a r e  that no signal monitor 
counter can ever  be devised to be the most  useful one for  a l l  survey work; 
however, the central  monitor has  always provided useful information r e -  
garding the general  over-al l  radiation-field level. Experience gained f rom 
use of monitors  in  different locations se rves  a s  a valuable body-of informa- 
tion when plans a r e  formulated to mee t  a new radiation-survey problem. 
Frequently,  selection of the mos t  useful monitor can be made f rom this 
previous data without the need for fur ther  experimentation. A g rea t  deal of 
t ime and effort i s  thus saved, and a relatively g rea te r  amount of t ime can 
b e  devoted to investigation of the problem a t  hand. Because we a r e  always 
running shor t  of survey time, such a t ime- saving procedure becomes an 
important  i tem. 

SURVEY MEASUREMENTS 

General Approach 

The radiation survey methods employed for the Bevatron can be viewed' 
a s  an implementation of the general  approach to  Health Physics  measurements  
in use a t  Berkeley. A bas ic  premise  to this approach i s  the consideration 
that the s t ray-radiat ion field ex is t s  a s  three  general  components: slow- 
neutron, fast-rieutron, and gamma- ray  fluxes. These components. a r e  to be 
measured  individually, and the biological hazard  associated with each i s  to 
be separately evaluated. The total biological hazard  present  a t  a given 
location can then be obtained additively f rom the th ree  values. 

Implicit in this method i s  the use of radiation de tec tors  that can 
m e a s u r e  the three fluxes separately;  ideally each detector would respond 
only to i t s  appropriate  component. In practice,  the singularity of response 
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cannot be fully achieved; however., the.  sys tem of .detectors  i n  general  use 
exhibits a degree  of uniqueness in . response '  satisfactory for most  survey 
work. For:  -what .may 'be te rmed regwlar survey work, the radiation field a t  
a ,point  i s  sufficiently known. when thi-ee measurements  a re '  take'n a s  follows: 

. . . . . . .. . . . ' .: 

; (a)  sl.ow ne.utrons measured  with a proportional counter.which responds 
to slow-neutron flux density. 

(b) fas t  neutrons measur'ed k i t h  a proportidnal counter which responds 
. . 

. . . t o  the product of 'energy X f l a  .density. 

(c) . g a m m a  rays and charged part ic les  measured  with 'a thin .walled 
. .  plastic ion chamber which responds to the ionization produced in  the 

a i r  within the chamber.  . . 

. . . . . . 

Special  situations that a r i s e  f rom t ime to ' t ime may requi.re m o r e  .elaborate 
measuring techniques. 

. . . . .  . 

. .  A w2de. var iety of. radiation de tec tors .has  seen serv ice  in  Bevatr0.n 
survey work; a l l  a r e  cvaluated in t e r m s  of separable  response to the three 
components. The three-detector.  sys tem described above has  been used 
extensively a t  the acce lera tor  to determine radiation levels existing in a-ll . . 
occupied a r e a s .  Other kinds of detectors  have heen a.sed f o r  suoh purposca 
a s  neutron:energy- spectrum ,determination, simultaneous measurements  a t  
many widely separated points, . or .measuremen t s  in extremely high flux 
.a reas .  . . 

. . 

General radiation-level ,determinations have been.made with two 
objectives i n  mind. The..first can be  stated a s  simply to:determine that an 
a r e a  i s  safe for  occupancy;.this can be  accomplished by noting that detector 
response i s  below that to  be expected in  the maxim- permissible  flux. 
The second. and .more  difficult: objective has  been to cor re la te  survey data 
with beam conditions in such a manner  that the general  radiation pattern '! 
can be constructed f rom .these measurements ,  and that meaningful- extrapo- 

. 1ations.of Aeasured  radiati6n levels. can be  made for  propos.ed inc reases  in  
. 

beam magnitude. . We have:'tried to keep to the principle that data taken a t  
the, present .beam level should be good ' e n o ~ g h  to provide useful predi'ctions 
of the radiation levels expected with an ' inc rease  in beam magnitude by a 
factor' of 10." Thi.s i s  an important consideration because the Bevatron beam 
has  steadily increased  f rom an init ial  l o 7  protons per  pulse (fipP.) to the 
present  5 X 1o1O ppp level, and will i nc rease  sti l l  fur ther .  Mapjr occupied 
a r e a s  now receive a significant f ract ion of the maximum permissible  fast-  
neutron f l u . .  It i s  necessa ry  to-know the;radiation levels a s  s ta ted above, 
so that intelligent planning for these a r e a s  can be  c a r r i e d  through with respec t  
to shielding. requirements:  and occupancy' status when the anticipated higher 
beam magnitudes: become a reali ty.  

. . .. . . . 
The analysis  and interpretat ion of survey measurements  contained in  

the following sections ( pages 32:- 52 ) a r e  based. on data taken during the 
p e r i o d M a r c h  1955 - February  1957. The measured  levels of the three  
compone.nts of the radiation field a r e  given in  two different presentations.  



The f i r s t  scheme, (Fig. 14 for  example) shows both the levels of fas t -  
neutron flux and the actual survey-point locations on a plan vie* of the 
Bevatron building. The second scheme (Fig.  15 for  example) shows much 
of the same data as Fig.  14, with the res t r ic t ion  that a l l  data points a r e  
f r o m  survey locations a t  nearly the same radial' distance f rom the machine. 
Both Bevatron and shielding a r e  "unwrapped" in this presentation; the 
genera l  t rends  of radiation levels  a r e  m o r e  clear ly shown i n  this manner .  

Fast-Neutron Surveys 

' ] 'ha m a j n r  effosl  irl d~Lubl  radiation O U F ~ W Y ~ L A ~  a t  tl-IC 'HnvatrOn has 
been, and continues to be, determination of the character lseics  of Lhe LsL- 
neutron field. This  s ta te  of a f fa i r s  ex is t s  mainly because the fast-neutron 
component consti tutes the grea tes t  single heall11 hazard, and a l s o , b c c a l ~ s ~  
of the difficulties encountered in detection of these neutrons under the 
conditions imposed by Seva t r  on operaliou. The nature of such prnhlem s 
has  been discussed in  previous secl iuus.  

A coherent picture of the fast-n,eutron field in  the energy range 0.2 to 
20 Mev has  been obtained f rom polyethylene (PE)-lined proportional-counter 
data.  There  follows a summary  and discussion of,data so  obtained, evaluated 
in  light of the cu r ren t  understanding of the Bevatron a s  a source of s t r ay  
radiation. 

F igures  12 and 13 show the fast-neutron flux levels  a t  two different 
elevations i n  the Bevatron building, measured  a t  proton-beam energ ies  
belween 5.7 and 6:.1 Bev. The two elevations lnvesrigaled d r t :  bca111 
level-8 f t  above the floor-indicated by encircled numbers;  and 5 f t  above 
the shield top-20 f t  above the floor-indicated by unmarked numbers.  
Surveyors  and equipment were hoisted to the survey locations on a platform 
slung f rom an  overhead traveling c rane  f a r  these ~ ~ i e d s i s e i ~ ~ c n t o .  This 
survey was undertaken in the ea r ly  days of Bevatron operation-as soon a s  
the machine was capable of maintaining a reasonable steady beam a t  max- 
imum energy and fa i r ly  high intensity. At llle t ime thc beam-monitor  
problem had not been sat isfactor i ly  solved, and in addition Bevatron 
operation was subject to considerable instabili'ty; thus the r e su l t s  of the 
survey m u s t  be taken a s  somewhat unreliable.  The? two points a t  which 
data was recorded  on successive days i l lus t ra tes  Lhis point; a disagreement  
of - 5070 exis ts  a t  these points - Bay 22/2 1 and Bay 6/5. However the 
genera l  pattern a s  shown he re  i s  one that has  been verified ~ e p e a t e d l y  by 
l a t c r  measurements .  

Radiation levels inside the magnet ring a r e  very high, especially near 
the tangent tanks. Levels outside the ring behind the shield a r e  naturally 
much lower,  and a r e  seen to inc rease  significantly with elevation. Levels 
in  the unshielded southeast quadrant (Bays 15, 16, and 17 were  unshielded 
a t  this t ime)  a r e  noticeably higher than behind the main shield. Levels in 
the vicinity of the ETT a r e  surpris ingly high, approaching the magnitudes 
m e a s u r e d  inside the magnet ring. It i s  reasoned that the combined effects  
of the injector and ETT produce the elevation in f a s t ~ n e u t r o n  flux noted here.  



Fig. 12. Three-dimensional survey of fast-neutron ene y flux levels  
for  values of En between 0.2 and 20 Mev in Mev/cmS$lO1O protons 
measured  a t  beam level (8 ft above f loor)  and 5 ft above shield top 
(encircled values).  Values in parentheses  a r e  ~ e p e a t  measurements  
on successive days. Proton beam energy 5.7 to 6.2 Bev. 
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Fig.  13. Three-d imens iona l  survey  of fas t -neu t ron  e n e r  y  f l u  l eve l s  
f o r  values  of E n  between 0.2 and 20 Mev in  Mev/crn2$1O1~ protons  
~ r l e a s u r e d  a t  b e a m  l eve l  (8 f t  above. f l oo r )  and 5 f t  above shie ld  top. 
P ro ton  beam ene rgy  5.7 to, 6 . 2  Bev. 



Figures  14, 15, 'and 16 show the measured  distribution of fast-neutron 
flux for  the magnet pit, ground floor,  and mezzanine in  t e r m s  of Mev/cm 2 

per l o P 0  protons accelerated to  6.2 Bev. All these measurements  were 
made during the interval  August to November 1955, a t  a beam energy of 6.2 
Bev with the main target  located in o r  near the WTT. Maximum beam energy 
was chosen for survey measurements ,  because this  energy would produce 
the highest radiation field per accelerated part ic le .  Fortuitously,  the longest 
periods of steady high-intensity beam time have a lso  been a t  6.2 Bev, a 
c ircumstance that has  great ly  aided survey work. 

Levels in the magnet pit and in  the unshielded southeast quadrant a r e  
quite high-much too high for  continuous occupancy. Levels e lsewhere on 
the ground floor behind the main shield a r e  relatively uniform and low, and 
have permitted continuous occupancy of these a r e a s .  This s ta tement  mus t  
be qualified in  the following manner ,  however. The safety of an  a r e a  i s  
dependent upon both the magnitude of accelerated beam and the pulse 
repetition ra te .  F o r  the locally chosen fast-neutron tolerance r a t e  of 20 
Mev/cm2 sec  applied to the Bevatron, a r e a s  behind the shield a r e  within 
this l imit  for  beam magnitudes up to 2 X 1 0 ~ 0  ppp a t  a repetit ion r a t e  of 10 
pulses per minute (the maximum r a t e  for 6.2-Bev energy).  Until shortly 
before the recent  extended shutdown-February through Jure 1957-the Bevatron 
did not produce sustained periods of 6.2-Bev beam a t  g rea te r  than 2 X 10 10 

protnns per pulse. However, immediately before shutdown, engineering 
improvements  in  the operational equipment made possible essentially 
continuous production of beam levels  a t  5 to '7 X 10lo  ppp. In view of this  
development, and with the prospect  of a t  leas t  another two-fold increase  of 
beam magnitude in  the near  future,  the health-hazard problem becomes 
significant. 

In a s imi lar  manner ,  the fas t -  neutron levels on .the m&zanine (the 
present  office spac.e) a r e  above the permissible  l imit  for  beam magnitudes 
grea ter  than 2 X 1010 ppp. It is-planned to abandon this a r e a  a s  space f o r  

. continuous occupancy. 

I The effect of shielding configuration on radiation levels  in the c r i t ica l  
southwest quadrant,  both on ground floor and mezzanine, i s  of p r imary  
importance. All measurements  appearing in Fig.  14 were with one part icular  
shield status.  Since that t ime,  hoth STT and WTT shielding have been 

I augmented - the m a z e s  have been deepened and part ia l  roofs "added to them; 
also,  the southwest quadrant shield has  been increased  4 ft i n  height. 
Pre l iminary  r e su l t s  f rom an intensive study of the radiation field on the 
mezzanine show the effect of this  additional shielding. (A complete r epor t  
of the mezzanine surveys of October 1956 to Februa ry  1957 i s  in preparation. ) 
At the Bay-20 location, Fig.  14 l i s t s  4 3  Mev/cm2 per  10lo  protons, and the 
m o r e  recent  data shows 48 Mev/cm2 per  10lo protons with the top 4 ft r e -  
moved f rom the southwest quadrant shield (conditions s imi lar  to those of 
the ea r l i e r  survey).  The level i s  decreased  to 31 Mev/cm2 per  10lo  protons 
with this top 4 ft  i n  place. A corresponding dec rease  in energy flux i s  4 

likely on the main floor below. The gain, although significant, does not 
I provide the margin  of safety requi red  to mee t  the operating conditions soon 

to be achieved, to say nothing of fur ther  beam inc reases  now contemplated. 



Fig. 14. Fast-neutron ener  y flux levels  for values of En between 0.2 
:and 20 Mev in M e v / c m ~ f  1010 protons a t  6.2 Bev. Main floor and 
mezzanine. 
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Fig. 16. F a s t - n e u t r o n  e n e r  . y f lux.  l e v e l  f o r  v a l u e s  of E n  be tween  0.2 a n d  
20 M r v  i n  Mev/crn2/10W pro tons  at 6.2 Bev.  Mezzanine .  
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There  is convincing evidence that the major  portion of fas t  flux seen 
outside and behind the shield i s  reflected down over the top of the shield. An 
inc rease  in  shield height would then seem to offer a solution. Unfortunately, 
a t  the southwest quadrant this process  has  -already been c a r r i e d  nearly to the 
l imit ,  both f r o m  the standpoint of floor loading and available height beneath 
the c ranes .  Some so r t  of roof shielding over the neutron-producing a r e a s  of 
the machine appears  to be the most  promising approach. Such shielding i s  
difficult to support mechanically, and i f  requi red  in  cer tain a r e a s ,  might 
prove very  inconvenient f rom the experimental,  operational, and 
maintainence aspec ts  of the Bevatron. 

Thus i t  i s  of grea t  importance to identify these "kot spots", so that 
additional, shielding can be utilized to maximum benefit in  the leas t  obtrusive 
manner .  The technique of foil i r radiat ion appears  most  promising a s  a 
survey procedure in  this respect ,  a s  descr ibed in a la te r  section of the 
repor t .  

Considerable effort  has  been spent in ra ther  specialized fast-neutron 
surveys,  One example of this so r t  of survey work i s  the set  of measurements  
taken in  the vicinity of the access  way to the WTT. At the t ime, late 
September 1955, the shield s t ruc ture  was such that the north end of the WTT 
could be seen f rom outside the shield. The pl?oblem was to determine - 
whether a significant fast  flux leaked out along this channel. 

F igure  17 shows the WTT a r e a  with the relevant shield configuration, 
and the r e su l t s  of these measurements .  It i s  evident that the fast-flux level 
i s  higher along the line of sight-approximately 50% higher than normal  a t  
Bay 2 2  Center ,  and increasingly higher a s  the WTT i s  approached. Fur ther  
evidence of what may be called a neutron beam i s  provided by the two points 
inside the m a z e  but outside this beam. One point i s  behind a shield block; 
the other,  behind a considerable thickness of magnet i ron.  Both these 
points show much lower flux levels  than do locations in the beam a t  c o r r e s -  
ponding dis tances f rom the WTT. The shitlding in the WTT a r e a  has  since 
been modified to eliminate this  weakness a s  i s  apparent f rom an inspection 
of the shield layout: depicted in  Fig.  14. 

The technique employed for  these measurements  i s  different f rom that 
normally used in  survey work, but i s  especially adapted to detailed studies 
of local situations. The monitor counter i s  a polyethylene-lined proportional 
counter, which has been calibrated with respec t  to the proton beam. This 
counter r ema ins  a t  one position while the survey measurements  a r e  taken 
with a second polyeth+Jene-lined counter.  Data obtained with the second 
counter i s  then interpreted i n  t e r m s  of f i r s t  counter response for each 
location surveyed. A m o r e  consistent pattern for  fast-neutron flux d is t r i -  
bution can be obtained in thi s manner  than through the use of any other 
monitor system yet investigated. 

The opportunity a r o s e  during this s e r i e s  of measurements  to take data 
a t  two different beam energies  with otherwise identical conditions of Bevatron 
operation. In Fig. 17 the flux levels  for  4.8-Bev energy a r e  encircled to 
distinguish them f rom the levels for 6.2-Bev energy. In al l  ca ses ,  the 



MU- 16040 
, . 

I .  ' 

. . 
' \. 

. { ., .. . 

Fig. 17. Fast-neutron ener  y flux levels  for values of En  between 0;2 
and 20 Mev in Mev/cm2?1010 protons for  6.2-Bev protons and 4.8-Bev 
protons (eticircled values) WTT area :on  Main floor. , 



neutron flux levels a t  reduced proton energy a r e  lower than a t  full proton 
energy, a s  i s  to  be  expected. In most  cases  this dec rease  i s  grea ter  than 
w ~ u l d  be e.xpected f rom a, l inear  relationship betweeri prot0.n.-beam: energy 

1 .  and stray-neutron radiation. 

Unfortunately there  has  been li t t le opportunity to take data that pertains 
specifically to the relationship between beam energy and neutron production. 
Situations r a r e l y  , a r i se  wherein the: experimenters  change only the beam 
energy, while keeping other pa ramete r s  'constant; even these r a r e  occasions 
a r e  likely to be unsuitable for this purpose. Not enough i s  known of ' the 
effect,-of. different, t a rge ts  o r  other operation changes to be able to co r rec t  , 

fo r  these .and t h e n  state confidently that the remaining cffcct i s  duc to  a 
- change in beam energy. The information a t  hand daes  tend to confirm the . 

- ' 

opinion that the meas.ur ed s t ray-  neutr on production inc reases  m o r e  rapidly 
than proton-bea'm energy;  however, the differenc'es s e e m  t o  be relatively 

I small:  . Thus: the.re i s  no bet ter  assurnption,now available than the simple 
one that postulates l ineari ty  between b e a m  energy and s t ray-  neutr on 

I production.. 

No comprehensive studies of the fast-neutron field have been made 
for either lower beam energ ies  o r  other target  positions. Machine opera- 
tion has  not provided such opportunities. . It should be noted .that much ,of 
the ear ly survey work was with redhced beam energy, but the data f r o m  
such surveys (before March  1955) can not be used for  these comparisons 
because 'of i t s  unreliability. Both Bevatron instability and radiation-monitor 
difficultie's contributed to this unreliability. 

Those bi ts  of data that bear  on these m a t t e r s  and seem to be significant 
a r e  included in Table IV. Group 1 indicates the magnitude of. fast-neutron 
flux change for a large.  beam-energy change; this  change should be fair ly  
representat ive for the ent i re  machine because of the counter l.ocation. It i s  
interest ing to note that slow-neutron flux measurements  for  these two 
conditions show a s imi lar  change, f rom 460 to 69 nt/cm2 per  l o l o  protons. 
Group 2 purports  .to show the change in t.he fast-neutron flux level  a t  an 
unshielded location outside the magnet wheri different targets.  a r e  active. . 
It i s  not c lear  whether the ta rge ts  a r e  responsible for  the la rge  differences 
noticed, o r  whether the seemingly smal l  adjustments in  beam steer ing 
required to achieve the des i red  machine operation m a y  have been largely 
responsib1.e. Groups 3 and 4 show how a la rge  hole in  the shield opposite an 
active target  influence local radiation levels.  It i s  unlikely that such sig- 
nificant changes would have occurred  i f  only the ta rge ts  were changed. 
Group 5, taken with the same l a rge  beam hole-and :nearby fatget, .  . i l lustrates  the 
relative e,ffectiveness of the shield against  very-aignc-energy .neutrons. It 
i s  expected that the 105 ~ e v / c m ~  registe,red a t  the lowest  elevation would 
be typical for  a beam-level".observation i f  the shield were  in  place; thus the 
shield reduces the energy flux density by a fac tor  of 200 under these conditions. 
The acutual reduction factor i s  probably even g rea te r ,  since a substantial 
par t  of the  fas t  neutron flux seen outside the shield i s  a i r  sca t te red  over the 
top. 



Z'able IV 

Fast-neutron survey data: miscellaneous measuremz ~ t s  

Group S brvey Constant Variables Range of var iables  Energy-flux 
location pa ramete r s  density 

( ~ e v / c m ' /  10 lo  

------ protons) rn .-- 
1 

0 P i t  center 2.5 copper flip-up , Proton energy l r l  Bev 131 
target  6.2 Bev 975 A 

0 2 '  B a y 1 4  . 6 . 2 B e v  Target  2.5 copper f l ip-  
. ,  

520 
center main :.. , . . .  l;~ target..: .'. 

Main .floor copper flip- 1050 
~p t a rge t  
51 W emulsiok 2 4.5 

3 Bay 24 6 . 2  Bev Targe t  and 
Main floor shielding 

. . 
4 Bay 22 .. 6 .2  Bev Target  and 

'front and . . . . shielding.. 
r e a r  
mezzanine 

5 Bay 24 front 6.2 Bev, WIN target  elevation 
a t  beam hole, 4 X 2 ft beam hole 
3 ft  f rom . 

shield . 

o 5 copper. 3 p -  . . 
.. . 81. 

up target ,  ra r rna l  . . .  
shield 

, VIN. 4- f t. wide by . . 335 
2-ft high b e a n  hole 
in  shield a t  pay 24,. , 

. . 
center .  

i. ~ . ~ c o ~ ~ e r  'f l ip- up 'front 78 
target ,  normal  r e a r  29 
shield 
- i I N  4-ft wi& by front  190 
2-it wide by 2-ft - r e a r 5 3  
high beam hl:.le in  
shreld a t  Ba-; 24 
center  

23 inches ab!>ve floor 105 
43 lnches above floar 136 , 

54 inches aknre floor 165 
64 inches ab.>ve floor 238 
74 inches a k m e  floor,  685 

just belo-& zdge of hole 
36 inches &3ve floor, ~ 2 0 0 0 0  

a t  beam Iswe1 



In summary,  i t .may  be said that the charac ter i s t ics  of the fast-neutron 
field revealed by these measuring techniques a r e  both reasonable and 
under standable. There i s  strong evidence that shield thickness i s  adequate: 
no high radiation levels a r e  detected a t  the median plane or  outside the 
shield in the vicinity of targets .  Rather,  the intensity i s  observed to 
increase  slowly with elevation f rom the floor to the shield top, indicating 
the presence of a strong a i r - sca t t e red  component outside the shield. Any 
median-plane peak i s  masked by this radiation. The tangent tanks a r e  seen 
to  be strong neutron-emitting a r e a s ;  this effect i s  shown most  c lear ly in  , ' 

the indium foil s tudies  and i s  a l so  evident f rom PE counter data. Many 
details need to be filled in to complete the fast-neutron f ie ld pattern; however; 
i t  i s  not expected that these details will a l te r  the general  charac ter i s t ics  a s  
now understood. 

I Slow- Neutron Surveys 

Slow-neutron survey data i s  taken with BF3-filled proportional counters ;  
the counters a r e  unshielded and unrnoderated in normal  survey work. Pa r t i a l  
or  complete cadmium shields have been needed in  some cases  to reduce the 
count r a t e  to a reasonable magnitude. All data reported he re  i s  in t e r m s  of 
the response of an unshielded counter.  Although the coverage of slow-neutron 
surveys i s  not so  complete a s  that for  fas t  neutrons,  i t  i s  considered adequate 

' 

fro'm. the standpoint of.health-physics requi rements .  

These measurements  a r e  usually taken a t  the same t ime a s  fast-neutron 
measurements .  Such was the case  for the slow-neutron flux levels  shown in 
Figs .  18, 19, 20, 21., and 22 . The f i r s t  of these,  Figs .  18 and 19 show the 
resu l t s  of the ear ly  Bevatron survey 'described on pages 32 - 33 F igures  
29, 21, and 22 show additional slow-neutron data, obtained a t  l a t e r  t imes  
when both Bevatron operation and 'radiat ion monitoring facil i t ies were m o r e  
reliable.  Slow neutron-levels a r e  well below. the 1500 n/cm2-sec maximum 
permissible  l imit  in  a l l  occupied a r e a s ;  this  i s  t rue  even a t  the center  of the 
magnet pit. The slow-neutron flux produces the l eas t  biological hazard  of 

, any of the three  components into which Bevatron radiation i s  separated.  It 
seems paradoxical that this i s  a l so  the eas i e s t  flux t o  measure .  

The slow- neutr on field va r i e s  l e s s  rapidly f rom point to point than the 
fast-neutron field. This is to be expected, since the propagation of slow 
neutrons i s  pr imari ly  a diffusion proc.ess,  and the magnet s t ruc ture  con- 
c re t e  shield combination constitutes an extended source  of these neutrons.  
Additional information on the slow- neutron distribution pattern can be found 

t i. in the Radiation Monitor section, (pages 21 - 23 and Fig.  8 )  showing an 
elevatisn study at  the magnet-pit  center,  and in the Foi l  Techniques section 
(pages 1'62 - 70 and Fig. 28) showing a radial  study a t  Bay 20. 

Ionizing - Radiation Surveys  

i i , Plastic-walled a i r  ionization chambers  a r e  used to measure  the ion- 
izing radiation. These measurements  a r e  taken simultaneously with the 

I i . slow- and fast-neutron data whenever possible. F igures  23 and 24 show the 
r e su l t s  of the ea r ly  Bevatron survey (see pages 32- 33 ); Figure  25 shows 
measurements  obtained i n  l a t e r  surveys.  



Fig .  18. Three-pimensional survey of slow-neutron flux levels  in  
neutrons/crn / lo10  protons measured  a t  beam level-  (8ft above f loor)  
and 5 ft  above shield top (encircled values). Values i n  parentheses  a r e  

r e p e a t  measurements  on successive days. Proton beam energy 5.7 to 
6 .  Bev. 
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Fig .  19. ~ h r e e - d i m e n s i o n a l  survey of slow-neutron f l u x  levels  in  
neutrons/cm2/101° protons measured  a t  beam level - (8 ft  above floor),  
and 5 ft  above shield top. Proton beam energy 5.7 to 6.2 Bev. 
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F i g .  20.. Slow-neutron,  f lux l e v e l s  i n  n e u t r o n s / c m  /lo1' p ro tons  at 6.2 

B e v  on Main floor a n d  mezzan ine .  



C I .- 0 ~ I : ~ l ~ ~ l ~ ~ l ~ ~ 2 b ~ ; 2 ~ 2 h ~ : ~ :  l h l e  l ; 1 1 2  { l o  
C 
0)  Boy numbers 
0 

C 

2 2 U u t 
ETT, -wTT sTT NTT ET T 

C 
3 
o) c w r e c t i o n  
I 

2 
Fig. 21. s low-neu t ron  flux l e v e l s  i n  n e u t r o n s / c m  /lo1' p r o t o n s  a t  6.2 - 

B e v  on  Main  f loor .  
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F i g .  22. Slow-neutron f lux l e v e l s i n  neu t rons /cm / l o  protons  a t  6.2 

Bev  on  mezzanine .  



Fig. 23.  Ionization-chamber measurements  in micioroentgens/lO1O protons 
a t  5.7 to 6.2 Bev. Three-dimensional study a t  beam level (8 ft  level)  and 
5 f t  above shield top (encircled values). ) 
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F i g .  24. Ionization-chamber measurements  in microroentgens/10 protons 

a t  5.7 to  6 .2  Bev. Three-dimensional study a t  beam level  (8 ft level)  and 
5 ft  above shield top. 
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Fig .  25. ~ o n i z a t i o n - c h a m b e r ;  m e a s u r e m e n t s  i n  mic r :o roen tgens /10  
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I pro tons  a t  6 .2  B e v  on m a i n  f loor  a n d  m e z z a i n e .  
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These la te r  measurements  do not show a higher radiation intensity on 
the mezzanine compared to the main floor;  to the contrary,  a dec rease  i s  
noted. This  seems  reasonable i f  a  significant fraction of the total ionization 
detected i s  produced by gamma r a y s  f rom thermal-neutr6n capture in the 
concrete  of the shield and main floor;  the mezzanine i s  a considerable - 
distance f rom al l  this concrete .  

N.E.UTRON- ENERGY DE'I'ERMINATION 

B e s a u v r  t h e  hinlogical  hazard  assucinled with a givon neutrnn f l i ~ x  
i s  dependent upon the eneygy carried by thc neutrons, the ~ n s t  Pealistic 
evaluation of this hazard  can be  made only when the neutron energy spectrum 
i s  known. It i s  t rue  that the hazard f rom an unknown neutron flux can be 
evaluated without this specilic informatiun, if we take intv account such 
fac tors  a s  neutron-producing reactions,  shielding configurations, relevant 
survey data,  and previous experience with s imi lar  s'ituations. A conservative 
interpretat ion of a l l  these fac tors  can then yield an est imate of the biological'. 
hazard ;  an  elvaluation so constructed will in  general  be an overest imate.  
This i s  obviously not the bes t  way to proceed, par t icular ly because the 
hazard  can  in some c a s e s  be great ly  overest imated to needlessly r e s t r i c t  
or  even deny the use of acce lera tor  facil i t ies to opera tbrs  and exper imenters .  

Once the neutrnn spectrum i s  determined, then the m o r e  reasonable 
es t imate  of biological hazard  can be made.  In addition, a c l e a r e r  under- 
standing of shielding problems can be achieved, and a bct ter  knowledge of 
the actual  neutron-production mechanisms will be possible. F o r  these 
r easons  much effort has  been, and will continue tu be, directed toward 
neutron energy-  spec t rum determination. The tcchniques employed, along 
with significant r e su l t s  obtained a r e  described fn this s e ~ l i ~ i ~ .  

Paraffin Buildup 

Onu Luc1luil.ll.i~ r l . ~ ~ t ,  yi.cldo infosmaticrn r e l a t e d  to the energy spectrum 
of a neutron flux employs various thicknesses  of inoderator surrounding a 
thermal-  neutron detector .  Paraffin cyl inders  of wall thickness ranging 
f r o m  0.25 to 6 inches serve  a s  modera to r s ,  while a standard B F  counter 
detects  those neutrons thermalized in  the surrounding jackets. d cadmium 
cover m a y  be placed around the assembly  to suppress  sensitivity to the 
thermal-neutron component of the incident flux. 

A plot of count r a t e  ve r sus  modera tor  thickness gene'rates a curve 
that has  a shape dependent upon the energy spectrum of thc incident neutron 
flux. As paraff in  thickness inc reases ,  the curve r i s e s  to a broad ~ n a x i m u m  
and then falls off steadily. F e n  a mixed flux of fas t  and slow neutrons i s  
examined, the r i s e  of the curve i s  re lated to the abundance of epi thermal  
and resonance neutrons,  the position of the peak i s  associated with the 
energy interval  containing the g rea te s t  number of fast  neutrons, and the 
nature of fall-off beyond the peak i s  re lated to the neutron population with 
energ ies  equal to or  g rea te r  than the energy appropriate  to the peak 
position. 



Unfortunately the  energy sensi t iv i ty  of th is  method i s  quite poor,  and  
quanti tat ive r e su l t s  a r e  difficult to d,educe. f r o m  the cu rves .  The m o s t  use -  
ful in format ion  so  f a r  obtained h a s  come by way of a compar i son  between 
Bevatron .neutron cu rves  and  (a, n)  neutron- sou rce  cu rves .  F igu re  26 shows 
the compar i son  of one Bevatron curve  (Fig .  27) with cu rves  f r o m  Po-Li ,  
mock-f iss ion,  and Po-Be neutron sou rce s .  All c u r v e s  a r e  normal ized  to a 
peak count r a t e  of 100. (The thin jackets  we re  not avai lable  f o r  sou rce  

' 

curve  data . ' )  All cu rves  . represen t  r e sponse  of the appa ra tu s  when complete ly  
shielded by 0.030-inch cadmium. It should be  mention'ed that  the z e r o  
th ickness  pgiqt.s f o r  the t h r e e  s o u r c e s  l ie  between.  0.4 and 0.5, a decade 
below the . ~ . e v a t r o n  z e r o  point. An in te rpre ta t ion  of t he se  cu rves  a t t r ibu tes  
the follo~in~~characteristics to  the Bevatron neutron fie1.d a t  th is  mezzanine 
location'. I.'. : 

.. . 

(a) T h e r e  ex i s t s  a l a r g e  ep i t he rma l  and resonance  f l u x .  

(b,)  he m e a n  energy of all neutrons  above the  cadmium cutoff i s  . , 

. ,soe'ewhat below 400 Kev (the m e a n  energy  of Po -L i  neutrons) ,  and 
.' pi"o'6ab.ly between 200 and 400 :kev. 

'(c) ~ h e : r e  ex i s t s  a high energy  ta i l  a s  evidenced by the  d e c r e a s e d  r a t e  
of fal'l-off fo r  the  th ickest  jackets .  

These  conclusions a r e  consis tent  with the Beva t ron  neutron-,field c h a r a c t e r i s t i c s  
a s  cu r r en t l y  under stood. 

A second B e v a t r o n c u r v e  i s  shown i n  F ig .  28; the  location fo r  th i s  hata  
i s  on the m a i n  f loor ,  Bay 2 1, a l m o s t  d i rec t ly  below the mezzan ine  s ta t ion of 
Fig .  27. The cu rve  shows a m o r e  r ap id  r i s e  and a m o r e  r ap id  fall-off than 
the mezzanine curve .  Th is  behavior i s  i n  a c c o r d  with a pa t te rn  f o r  the 
neutron f ie ld  that  p r e s u m e s  the m a j o r  sou rce  of f a s t  neutrons  outside the  
ma in  shie ld  to r e s u l t  f r o m  air sca t te r ing  over  the  shie ld  top. One would then 
expect  a shift to the  left  for  c u r v e s  taken on the ma in  f loor ,  corresponding.  to 
a neutron f l u x  re la t ively  r i c h e r  i n  the  low-energy region and depleted a t  the 
high-energy end. Data fo r  Fig .  27 and F ig .  28 appear  i n  Table V. 

Both Beva t ron  cu rves  we re  obtained through u s e  of a spec ia l  moni tor  
counter.  A B F 3  counter  in  a paraff in  jacket  located nea r  the appara tus  
proved to be  the only m e a n s  fo r  co r r e l a t i ng  succes s ive  r u n s  to produce a .  
smooth buildup curve .  The moni tor  counter  was  i n  a 2-inch-thick paraffin 
jacket  and located 4 f t  f r o m  the  buildup counter  f o r  these  r u n s .  

BE 'was poss ible  to r e l a t e  the Bay-21 data  to the  c i rcula t ing proton beam;  
the peak of th  curve  of Fig .  28 r e p r e s e n t s  a buildup counter  r e sponse  of 750 Yo counts p e r  P O  protons  acce l e r a t ed  to 6 .2  Bev.  The fas t -neu t ron  energy  
flux dens i t y .measu red  with a PE- l i ned  counter  a t  t h i s  location i s  about 60 

2 ~ e v / c m  per  1 0 l o  protons;  the counter  would produce 2 to 3 counts per  1 0 l o  
protons  a t  the  d i s c r imina to r  se t t ings  normal ly  used  t o  take survey  data .  

. . . .  

The  g r e a t  i n c r e a s e  i n  sensi t iv i ty  of the mode ra t ed  B F 3  counter  re la t ive  
to a PE- l ined  counter  i s  obvious f r o m  these  numbers .  A second dis t inct  . , . u 
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Fig .  27. Paraffin build-up curve for Bevatron mezzaine a t  6 . 2  Bev and - 5 X 109 protons/pul$e with WIN ta rge t  a t  13b. 



Paraff in thickness (inches) 
. . MU.-16051 

Fig. 28. P raffin build-up curve for Bevatron main floor a t  6 . 2  Bev and '4 - 5 X 10 protons/pulse with 2.5' copper target  a t  I 30' 



Table  V 

P a r a f f i n  bui ld-up da ta  f o r  the  two Beva t ron  c u r v e s .  
-.. -..--. - . - . . - -  -.. 

Mezzanine  - B22FC Main f loor  - B ~ ~ R C ~  . P a r a f f i n  
Counts  p e r  Normal ized  C o u n t s  p e r  N o r m a l i z e d  thicline s s 

( inches )  mon.  count counts p e r  mon.  count counts  .pe r  
. 

mon. ,  mon.  , 

--- - 

0' 0..66, . 4.3 0.76 , . .4.97 

. . 
1/4 ,. 2 .:5 9 16.9 3.11 ' ,  20.4 

. . 
. . . . .  . 1/2 , . 7.48 48.8 . . .  ..7.42 . . 48..5 

. . .  . . .  . . 

69:6 11.3 . . ' . '73';8 . . .  . . . . . .  -: .3/4 . . 10.7 
. . . . . . 

. . 
89.6'. 8 4 . 8 .  . "  .- 15.; 7 ;: 1 1'3.0 b .. , , . . 

. . . . 
96.2 . 1 4 . 2 .  92 .8  . . . . . .  -14.7. : ' ' : . ' 1.- 114 ' . . 

. . 
. . - . -11.1/2 . . . . . .  100:.0 . . . . . . . . . .  15..3 . , '106.0 : . ' . 15:3. . . . . . . .  . . . .  . . 

. . .  . . - .  . 
. . . .  . . . . .  

. . . . 
. . . . 

. .  d4 .9 : ' .  . . .  . '-9 7.. 5 : . .  . . . . .  . 1-3/4 .. .. ' 'i4..8 . . 9 6 . 1  . . .  . . .  
. . .  . . .  . . . . .  ... 

. . .  : . 92:2. - . .  . . . . -  1 4 ~ 7  . . . ' . . . :  95.9 . . . . . . . .  1.' . . .  1 ,  . . . . . .  i14.1, 
. 2:: . . . , - .  . . .  . . . . .  . . . . .  . . . . 

... . . . . . . .  . 10 .6 . :  ' . . .  '6.9;61' . ' .  . :  .. . . 
., 2- 1/2 ' i 2 . 3  . 7'9.9'. 

. . .  . .: . . 
54; 5 . . . . . .  .- 8. 5.2 ' .  55.7 . ' .  ,: ' 

. . .  . . 3  , . . . . .8..3& . . 
. . .  

. . .  . . 
6 : 8.5 . 44.7 . . .  . 6 :6-5 , . 3- 112 :. , 43.5 . . ,  

. . , .  . . . 

,4.27 \ ' . ' . 27'. 9 . . 4  4.9.3 . . ' 32.2 " , . . 

. . .  15..2 ' - ,  17.7 . . . . .  : 2.31 . 5 - - .  2.65 -" . . .  . . .. - . . 
. . , '  ' 1 .44  . ' .  ; 6  . . 1'.64 1 '0 .9 ,  . .' 9.4 

. . 

- 
a 

Ca l ib ra t ion  of m o n i t o r  v s  proton b e a m  f o r  m a i n  f loor ,  da ta  only; 500 mon .  counts  p e r  
l o l o  p ro tons  at 6.2 Bev. E a c h  point r e p r e s e n t s  5000 rnon. counts.  



advantage of ' the  BF3-counte r  method i s  i t s  abil i ty to d i sc r imina te  sharp ly  
between neutron and  g a m m a  events .  A care fu l  study of the p rope r t i e s  of 
mode ra t ed  B F 3  counter configurations i n  known energy  neutron f luxes  i s  
planned. ' It i s  hoped that  through these  s tudies  methods will b e  developed 
to  improve  the ene rgy  resolut ion of the sy s t em,  and that  m o r e  quantitative 
i n t e rp re t a t i ons  fo r  the  r i s i ng  and falling c h a r a c t e r i s t i c s  of the c u r v e s  will 
b e  l ea rned .  The need f o r  a method of fas t -neu t ron  flux m e a s u r e m e n t  with 
the efficiency of t h i s  type sy s t em becomes  m o r e  u rgen t  a s  the  .demand 
i n c r e a s e s  for '  the  accu ra t e  de te rmina t ion  of, lower  and.  lowiier l eee l  s .  

. . . . 
. . . '  . . .'.' , .. . . 

' ~ r x ? n - C f \ ~ . ~ n l , k ; , . ,  mhlel . l~~,~l~ - , , 
. .  . . . 

. : I '  . . 

. The' r e sponse  c h a r a c t e r i s t i c s  of the Hansen-McKibben counter and the 
PE-Kned  'counter can  b e  uti l ized together  to provide neutron-energy spec t rum 
informat ion.  Because  the  Hansen-McKibbea counter.  r esponds  to f l . 1 1 ~  den-, 
s i ty  and  the PE counter responds  to energy  flux density,  a  r a t i o  of the  two 
~ s u n t  r 'a tes  a value r f o r  neutron energy.  This  value 4s  the  s ingle  
n e u t ~ o n  e'cergy . thai  would have pr0duce.d the  observed  count r a t e  i? both 
countegs 'fi-d.m i n  flux. e q l a l ' i n  in tens i ty ' to  the. unknown f lux .  

.. - *. . . . .. 
: 

The two coun te r s  a r e  f i r s t  exposed to Po-Be neutrons  (mean energy  
taken to lie 4.6-Mev pe r  neutron)  f r o m  a ca l ib ra ted  source  to de t e rmine  the 
constants..of. propor t ional i ty  that  conver t  count r a t e s  in to  neutron-flux ,.,, 

:Counter c h a r a c t e r i s t i c s  a r e  then taken t o ' be  a s ,  follows: . . 
'! : .. , . - . .  

( d ) . : ~ ~ - l i n e d  counter-  15 ~ e v / c m ~  neutron flux density incident, ;  , 
. . 
i .. '.. _ n o r m a l  t o  counter  produces  one count, valid for  a neutron ene'rgy 

. . : ' range of 0.1 to 20 Mev. 
. .  . . . 

, . .  . :  
, . 

:: (b )  . I- ans sen-~c~ibben counter-  0 . 4 ~ ~ / c m ~  f lux incident 'on ' face  Of 
io&ntc& plbodbce~ b 'ne 'c~u,nt ;  ' v a l i d  fnr a:ne.~lt.ron.err.erg~ r a n g e  f r o m  

. . :. .- .:. . . t h e r m a l  tb 20 Me?,, :', . . .. . . . . . . I , .,. - .. . : . .  . . 
.; .. . . . . . 

The co.unters a r e x x p o s e d  s imul taneously  a t  a location i n  the uhknown flux,  
and ' the . .value  f o r  E i s  calcula ted.  . . 

A value f o r  E d e t e r m i n e d  by t h i s  method i n  su rvey  s i tuat ions  i s  . ' 
approx imate  fo r  a va r i e ty  of r ea sons .  Among these  a r e  l o s s  of sensi t iv i ty  
of Hansen-McKibben.'kounter at both- low and high neu t ron-energ ies ,  the 
approx imate  nature  of the  PE.-litjed:.cou.hter proport'ioriality constant ,  and  
the 'd i rec t iona l  r e sponse  c h a r a c t e r i s t i c s  of both counte rs .  :Bed.ause the 
s t r a y  neutron flux outs ide  a m a s s i v e  shie ld  i s  re la t ive& r i c h  i n  low-energy 
neutrons, ;  and the flux i s  not s t rongly di rect ional ,  t h e  E values obtained 
can.not..be expected to be  the t r u e  va lues .  However,  compar i sons  among - 
E values .? taken a t  d i f ferent  locat ions  o r  with di f ferent  Bevatron condit ions 
hav,e p=o.ved quite useful .  A few example s  will i l l u s t r a t e  t h i s  point. 

. . . . :. . . . .  . : ' 

. . - ' 

. . . . 

A n h b e r  0.f E"meas'ure:ments':wer e made-. dur ing 'the mezzan ine  su rveys  
of la te .  1956. (The face..'of t h & . ~ a n s e n - - ~ c ~ i b b e h  counter  w8s coireied with 
0.030 inch Cd  dur ing these  r u n s .  ) The  counte rs  we re  stat ioned a t  .the f r o n t  
of the mezzan ine  a t  the  cen te r  of Bay 20, tha-t i s ,  near ly  midway along the 



southwest magnet quadrant, and a t  an elevation of 17 ft above the main f loor .  
Values for  E o f  0.4 Mev were obtained with the southwest shield a t  i t s  
normal  height, 19 ft. Values for E r o s e  to 0.5 Mev when the top 4 ft  was 
removed f rom this shield. Polyethylene counter data showed 3 1 ~ e v / c m 2  
per  lo1' protons and 48 ~ e v / c m 2  per  10lo  protons, respectively,  for  these 
two shield .conditions. Removal of the shield ma te r i a l  i s  seen to cause a 
significant increase  in t h e e n e r g y  flux density reaching the counter. The 
corresponding r i s e  of the E value shows that this inc rease  r ep resen t s  a 
shift toward higher energy in the neutron spectrum ra the r  than just an 
increase  in total incident flux. , 

Several  Ede te rmina t ions  were  made a t  the Bay-20 station with the. 
IIanseri-McKibben counter covered by ' a  l*-inch-thick slab of parqffin in  
addition to the Cd sheet. (This f i l ter  attenuates Sb-Be n ~ u t r o n s  by a fac tor  
of 5 and so i s  assigned an energy cutoff of 30 kev. ) The E values ranged 
between 1-8 and 2.0 Mev, showing that there exis ts  a considerable high- 
energy component. It i s  thought that most  of these higher energy neutrons 
Q 1 Mev) reach  the mezzanine by a i r  scat ter ing over the shield ra ther  than 
by penetration of the shield o r  by generation within the shield i tself .  

- 
It i s  difficult to re la te  the E values so obtained to the biological hazard  

associated with this  neutron flux. I f t h e  maximum permiss ib le  flux were 
independent of neutron energy, then E values could be used direct ly  to evaluate 
the hazard.  However this  condition, is  nnt fl~lfill.ed for  the energy range 
containing a l l  but a sma l l  f ract ion of the t e a l  neutron population (below 5 
Mev). Thus hazard  evaluations based on E will generally be  incorrec t  and 
will be  overest imates ,  depending on neutron spec t ra l  distribution. 

I Other. Methods 

Other methods employed to investigate the distribution of neutron 
energies  behind the shield have included visual observation of a diffusion , 

cloud chamber and scanning of proton-recoil  t r acks  in  Eastman ~ o d a k  NTA 
film. The cloud chamber shows many m o r e  short  and fewer  long proton 
recoi l  t r acks  than a r e  produced by a Po-Be neutron source .  The enlulsion 
t racks  show .s imilar  charac ter i s t ics  relat ive to Po-Be induced events.  
S ta r s  a r e  r a r e l y  observed in the emulsions,  indicating that few very-high- 
energy neutrons a r e  present .  Both detectors  point to the same  conclusion- 
that Bevatron s t r ay  .neutrons car ry .cons iderably  l e s s  energy per  neutron 
than do Po-Be neutrons.  This i s  in accord  with a l l  other  information. 

The use of a sys tem of threshold de tec tors  i s  expected to provide m o r e  
detailed and m o r e  prec ise  information regarding the ne~l t ron-energy  di s-  
tribution. It has  been shown that such a sys tem i s  useful for  neutro 
intensit ies down to the vicinity of maximum permiss ib le  flux levels.' A 
program i s  in  p rogress  to investigate the feasibility of such detectors  for  
survey work in occupied a r e a s ,  ' with part icular  emphas is  placed-%on pushing 
downward the lower l imits  of detectable flux. F o r  example, i t  looks quite 
reasonable to detect the activation produced in  the c l 2  (n, 2n)C l1  react ion 
f rom a flux of 1 n/crn2-sec above the 20-Mev threshold. Among the other 
elements being considered a r e  thorium, ~ 2 3 8 ,  sulfur, i ron ,  nickel, and 
bismuth. Major problems with these de tec tors  include reduction of 



background-radiatiori count! r a t e s  to a minimum, and development- of methods 
to incorporate  la rge  amouhts of active ma te r i a l  into high-efficiency couriting 
sys t ems .  

. . 

Neutron- Energy Determination: Surnxnary 

The r e su l t s  obtained f r o m  these methods a r e  approximatc and can 
often be interpreted only in a qualitative manner .  It i s  reasonable to expect 
that m o r e  quantitative information can be obtained f rom both the paraffin 
buildvy and the Hansen- McKibbon- PE counter sys t ems  a s  the propert ies  of 
these: sys tems became miure  ~oinp lc tn ly  under s l  ~ r ~ r ~ l .  Certainly the  threshold 
dctectors  can provide quantitative dara wil l l iu  tlicir rospecti~re,  minimum- 
detectable-flux requirements .  Unfortunately the threshold energies  
availablc a r e  fixed b y  nuclear propert ies  of the elements ,  and a r e  not 
spaced ideally for  detailed examination of neutron spectra .  

Uetails uf  Llle ueutl-on opectra v a y  he revealed when the neutron 
spec t romete r s  now under development become operational. The two 
ins t ruments  that now show the grea tes t  promise  a r e  both 4-pi detectors  
and should corn lement  each other in energy response.  The f i r s t ,  based on P the ~ e 3  (N, p)H react ion will cover the energy range f rom 0.05 to - 1.0 Mev. 
The second device, a two-counter total-absorption proton-recoil  detector,  
i s  expected to be  useful f r o m  3 to 4 Mev upwards, and may provide coherent 
data f r o m  even lower neutron energies ,  thus narrowing the gap between the 
respect ive response  ranges.  

. , 

' NTA FILM MEASUREMEN'I'S 

Bevatron personnel  i s  provided with fast-neutron- sensitive film a s  a 
par t  of the UCRL film-badge program. Readings f rom these f i lms  have in 
genera l  agreed with counter m e a s  ~ ~ e i n c n t o ,  insofar a s  comparisons have 
been possible. F i l m  readings have increased  steadily with increasing 
boain magnit i~de;  readings f r o m  personnel who spend mos t  of the t ime a t  
mezzanine level a r e  higher than r ead ings  irom maiu-floay occupants.  These 
a r e  genera l  t rends,  observed only over a long period of t ime.  

The NTA fi lms have a lso  been 'used in survey work to determine f a s t -  
neutron flux leve'ls a t . va r ious  locations around the Bevatron. The mos t  
exte'nsive coverage of the building was obtained f r o m  three  se t s  of f i l m s  
exposed in November and December 1955 during a period .of steady high- 
intensity beam and constant experiment.al conditions. Each . , set included 41 
f i lms ;  successive se t s  repeated thc f i r s t - r u n  locatiotls. . . . 

F i l m  charac ter i s t ics  and handling techniques a r e  a s  follows. Eastman 
Kodak NTA film has  a n  ~ei-nulsiori 25 p thick which i s  approximately the same 
sensit ivity a s  IIford C-2. After development, f i lms  a r e  examined with a 
Bausch and Lomb Model TPR-  1 microscope using a 43X (high, d ry )  obj,ective 
and ,10X eyepieces.  An eyepiece re t ic le  l imi t s  the field of view to a squa re  
245 p on a side. T r a c k s  a r e  counted until e i ther  100 fields a r e  exanlined 
o r  100 t r acks  a r e  observed. 

. . 



Calibrations of f i lm a r e  performed in  the nown fluxes f rom neutron 6 sources.  After the fi lm i s  exposed to 4.32 X 10 n/cm2, f rom a Po-Be 
source 1.5 t r acks  per  field a rg  developed; 0.77 t r acks  per field a r e  developed 
f rom an exposure to 4.32 X 10 n/cm2 f rom a mock-fission source.  The 
developed background i s  approximately 0.08 t racks  per field. This  number 
has  been subtracted f rom the data of Fig. 29. 

F igure  29 shows the r e su l t s  of these exposures  for  the h o s t  important  
locations; the average of three  values .is repor ted  in t e r m s  of t r acks  per  

. field per 1014 protons of 6.2-Bev energy. The number of protons per  ex- 
posure was determined by the cent ra l  monitor counter.  The encircled 
numbers on Fig. 29 a r e  energy flux-density levels measured.with the P E -  
lined counter;  these a r e  l isted a t  locations near  fi lm positions for  compar-  
ison purposes; 

The accelerat ion of 1014 protons to 6 . 2 ~ e v  requi red  something like 
half a week a t  the t ime of these exposures; '  thus i f  t rack-per-f ie ld values , ' 

a r e  multiplied,by 2, a reasonable approximation t o  a weekly exposure i s  
obtained. It i s  difficult to make d i rec t  comparison between fi lm data and 
PE counter data, sirice fi lm sensitivity drops sharply for neutrons below 
1 Mev energy. Thus the fi lm i s  insensit ive to' an energy range containing 
a la rge  neutron population.. Until m o r e  detai ls  o'f the spectrum a r e  learned,  
i t  i s  not c l ea r  how to co r rec t  the two kinds of data so that quantitative ag ree -  
ment  aan be expectkd. Inspection of Fig.  29 shows however that film and 
P E  data generally fol1,ow the same pattern.  

Another fi lm study, conducted during the same  period, showed the 
vert ical  pattern of fast-neutron flux a t  the junction of Bays 19 and 20 j u s t  
in  front of the mezzanine wall. F i lms  were a r r anged  a t  5-ft intervals  f rom 
floor level to  30 ft  in elevation, and.exposed for  a period of one week. 
Figure 30 shows the distribution obtained by this  method. The flux .is s een  
'to inc rease  with elevation, showing a r i s e  of a factor of nearly 2 between 
' f loor  and mezzanine levels (agreement with PE-counter  data)  and a fu r the r  
sharp  r i s e  a t  the g rea te s t  height investigated. This  inc rease  i s  to  be  
expected, because a i r  scat ter ing,over  the shield will produce this s o r t  of 
effect for elevations below the shield top, and a m o r e  unobstructed view of . 

the machine will produce a fur ther  r i s e  in  flux a s  height i s  gained above the 
shield top. 

, '  

FOIL- AC T'IVAT ION T ECHNIQUE 

Indium-foil activation has been employed extensively in the measure -  
ment  of fast-neutron flux levels  since December 1956. The method consi'.sts 
of i r radiat ion of the foi ls  placed inside 6-inch-diam. paraffin spheres, ,  with 
the spheres  in turn  surrounded by 0.030-inch cadmium shields.  After 
i r rad ia t ion  a t  the selected locations, the 54-min activity induced in  the' foi ls  
i s  followed for a t  l eas t  one half life with Geiger-Mueller tube-scaler  counting 
equipment. Extrapolation of the 'act ivi ty  curves  back to the' t ime the exposure 
ended then gives the activity induced in  each foil to  this t ime and thus pe rmi t s  
simultaneous comparison of neutron-flux levels .  
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. . --, Fig .  29.. Eastman NTA film study of Bevatron fast-neutron 10 field: complete 
building survey, showing t r acks  per  field per  10 - protons a t  6.2 Bev. 
Enci rc led  values a r e  measurenlents  made with PE-lined counter i n  
~ e v / c r n 2 / 1 0 ~ '  protons a t  6.2 Bev: 
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F i g .  30. NTA film . . study of Bevatron fast-neutron field; elevation survey, 
Ravs 19 and 20. 



This  technique offers severa l  important advantages for survey work 
a t  the Bevatron: 

(a) Simultaneous measurements  can easi ly  be performed a t  the 
different locations. 

(b)  The number of simultaneous measurements  i s  essentially unlimited; 
likewise, the choice of survey locations i s  unrestr ic ted.  

( c )  Results a r e  unambiguous, a s  only neutrons can induce the 
detected activity! thoro a r o  no pr oblcmo of diocrimination againot 
gamma flux, a s  with proportional counter s o  

(d)  Counting r a t e  problems a r e  nonexistent; thus foils can be used i n  
radiation fields so intense that counters  would be completely use-  
l e s s .  

(e )  The method i s  extremely simple in  pract ice,  and yields r e su l t s  i n  
a delightfully shor t  t ime. 

There  a r e  a l so  severa l  disadvantages to the use of indium foils for  this  so r t  
of 'measurements :  

(a )  The method i s  energy-insensitivc .. a s  employed to date;  measure -  
ments  do not give r e su l t s  direct ly  interpretable  in t e r m s  of 
biological hazard.  

(b)  The relatively short  half life fo r  the induced activity, 54 min, 
precludes use  of these foi ls  to integrate the neutron flux. On the 
other hand, the somewhat e r r a t i c  operation of the Bevatron 
mieigates agairist i r radiat ion to saturated activity. T h i i ~  a l j ~ a l u r e  
quantitative information i s  difficult to obtain. 

( c )  The activation induced by neutron fluxes of tolerance level yields a 
low counting r a t e  with present  equipment. 'l'he sys tem in  use 
produces 35 c / m  per  g r a m  of indium i r rad ia ted  to saturation in  a 
flux of 30 n/crn2 sec  Po-Be h u t r o n s ,  or 80 c /m f rom a typical 
foil .  Th'e background level  for  the counter i s  20 c/m.  Both 
inc reased  sensit ivity and decreased  background a r e  requi red  f rom 
the counting sys tem for this technique to be reliable a t  lower flux 
levels.  

Foil-activation measuremen t s  have been most  useful in  s tudie s of the 
neutron-flux distribution inside the magnet ring. At these locations i t  i s  of 
paramount importance that comparative measuremen t s  be  taken s imul-  
taneously. In addition, the instantaneous counting r a t e s  encountered h e r e  
would paralyze the electronic  equipment used with proportional counters .  

Data obtained f rom three  s e r i e s  of foil measurements  a r e  shown in  
Figs.31, 32, and 33. A set  of 16 foils was a r r anged  along the inside of the 
magnet s t ruc ture .  Those a t  tangent tanks were placed on the platforms a t  



Fig. 31 .  Indium foil run  1; fast-neutronflux inside the magnet ring. 
Actual monitor-foil  activity; 1850 c o u n t s / m i n ~ t e / ~ r a r n .  Beam is  - 3 X 10lo 6.2-Bev p ro tons /pu l~e .  
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~ i g .  32.  Indium foi l  r u n  2; f a s t - n e u t r o n . f l u x  i n s i d e  the  m a g n e t  r ing .  
Ac tua l   nitor or - fo i l  ac t iv i ty :  1850 c o u n t s / r n i n ~ t e / ~ r a m .  R e a m  i s  - 5 X 10 6 .2 -Bev  protons /pulse .  
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Fig. 33 .  Indium foil run 3; fast-neutron flux inside the magnet ring. 
Actual monitor -foil activity: 4480 c o u n t s / r n i n ~ t e / ~ r a m .  Beam i s  
-6  X l o l o  6.2-Bev protons/pulse. 



the center  and downstream edge, respectively.  Those a t  magnet quadrants 
were  placed on the walkway a t  30' and 600 points. All foils were nearly 
equidistant f rom the c'enter of the pit, and close to the. median plane of the 
beam. An additional foil, located a t  the cent ra l  monitor position in the pit, 
s e r v e s  a s  a monitor for  comparison of the three  runs.  Thus, F igures  31, 
32, and 33 show response  of the 16 foils normalized to 1850 c/m per  g r a m  
of indium f rom the monitor foil. Sharp peaks a r e  seen a t  the tangent tanks, 
and a relatively uniform low level ex is t s  along the magnet quadrants.  The 
relat ive peak intensit ies change understandably with different target  situations. 

A detailed examination .of Bevatron operating conditions frrr v a c h  s p t  ni" 
exposures  clar i f ies  this pattern, and explains the few apparent inconsistencies 
i n  the above picture. Table VI presents  this  information and also includes 
notes and comments pertinent to the resp,ective runs.  

It i s  cvielcnt that thc major  ncutron-yidlding a rcao  a r c  thc tangent tanks, 
and then only when a nearby target  or  other obstruction i s  presented to the 
acce lera ted  beam. Disappea ance of the NTT peak when the nearby ta rge t  
was not used ( runs  2 and 3)  s A ows this effect clearly.  Fur ther  confirmation 
i s  offered by the g rea t  elevation of the ETT peak noted when the plunging 
clipper operated (again Runs 2 and 3). The low levels seen along magnet 
quadrants  a l so  lend support to the pat tern a s  descr ibed above. It i s  interesting 
to note that i f  one a s sumes  that a l l  the n'eatron f l u x  emanates  f r o m  tangent 
tanks, the expected level  a t  the central  monitor station i s  nearly the observed 
value. 

The rad ia l  pat tern of the thermal-neutron flux was investigated with 
b a r e  indium foils a t  this t ime for an azimuth through Bay 20. Foi l s  were 
suspended on a cable a t  an elevation of 20 ft above floor level. A section 
view of the Bevatron showing locations of the foils appears  in Fig. 34. Two 
separate  foil exposures  were taken., Points 1 to 9 inclusive and pvirits 9 to 
17 inclusive. Bevatron operating conditions remained constant for  both runs.  
Data,was normalized to Location 9, and a plot of resu l t s  i s  shown a s  the 
upp&r curve on Fig.  35. The slow flux a t  this .azimuth i s  r c  lative ly constant 
in  the magnet pit, i s  somewhat depressed  over the magnet s t ruc ture ,  drops 
sign'ificantly as  the shield wall i s  passed, and then dec reases  slowly with 
increasing radial  distance. 

Thc lower curve on Fig.  35 shows a relative plot of r e su l t s  obtained a t  
the same elevation and azimuth with foils i n  paraffin enclosed in Cd boxes. 
The fast-neutrgn flux a s  seen by this  detection system does not show a 
significant drop a s  the shield i s  passed, but ra ther  exhibits a very gradual  
dec rease  with distance f r o m  the pit center .  

These profiles a r e  probably charac ter i s t ic  for  regions along the machine 
well away f r o m  any localized neutron-producing a rea .  Prof i les  taken a t  o r  
near  a tangent tank containing an active ta rge t  would look quite different,  and 
would show peaks in both f a s t  and slow fluxes close to the machine. 

Foi l  data has  provided the f i r s t  coherent picture of neutron-flux distribu- 
tion inside the magnet ring. Frevious data obtained with other types of 



Table V I  
i 

a Beva t ron  conditions fo r  ' indium foi l  r u n s  

Run Ta rge t s  I B e a m  conditions - 

No. . Date . ' Loca t i on   ater rial Thickness  Ar r iva l  Energy  I n t e n s i y  Pu l se  r a t e  
. . ( inches)  I pip (Bev), (protons (pu l s e s /  

pulse)  mi.nute s ) 

lb 1/15/57 . . Mylar  0.016 130 6.2 - 3 . X  l o l o  10 
ldluminum 0.001 
i 

6 9 0 ~ " )  alumin- . ?. 
'3 0 

SOW -aluminum 0.00025 130 

WIN poly.efhyfene 0.5 
I29 

WIS copper 1 
'25 

l 0 5 9 " u C  copper.  1 '2 7 
E IS copper . ' 6 

'29 
WIN carbon  0.5 '29 
1°59J'uC ca rbon .  1 '27 
SOW .aluminum 0.00025 I30 

E IS copper '29 

a No activation t imes  l i s t ed  for  runs ,  because  machine operat ion usually r e n d e r s  t h i s  s o r t  of 
informat ion mis leading,  All foils  normal ized i n  r e spec t  to foil a t  cen te r  of magnet  pit.  

b ~ o m m e n t s :  (1)  WTT-center foil  behind concrete  shield block; peak obscu r r ed ;  (2) NTT-peak 
produced by 69' target; , (3)ETT-peak.  probably re la ted  to in jector  appara tus  i n  tank; (4) ST'T- 
peak .probably re la ted  to SOW spil lout-control  foil  and induction-electrode s y s t e m  in  tank; and 
(5)  magnet  quadra&ts-low uniform. 1.evels. . . . . .  :, . . . 

C ~ n g u l i r .  positi,ons:of t a r g e t s  m e a s ~ r e d  . f rom . .Y/I'T; . Uind ica t e s  ups t r eam,  and D ind ica tes  
. . .. . :. , . .  downs t ream.  a ,  , .  . . I . .  . .: 

, . 

d ~ o m r n e n t s :  (1)  WTT-center foi l  i nc l ea r ;  peak ve ry  pronounced; ( 2 ) ~ ~ ~ - ~ e a k  absen t ;  
no nearby  targ&; (3 )  ETT-peak much  highe,r- than . fo r ;Run-  1 and assoc ia ted  with c l ipper  loca ted  
h e r e ;  (4.) STT-peak s imi l a r  to that  f o r  Run 1; (5) magnet  quadrants-low uniform leve l s ;  and (6) 

, 
no date  f r o m  two foils i n  SN' magnet  quadrant: . 



. Table  VI (contd) 

e Comments :  (1) WTT-peak a s  fo r  2 ;  ( 2 )  NTT-peak essen t ia l ly  absen t ;  ( 3 )  ETT-peak  
a s  fo r  Run 2; (4) STT- peak a s  fo r  Run 1 ;  (5) Magnet quadrants  - low uniform leve l s ;  and 
{6) th is  profi le v e r y  s i m i l a r  to that  fo r  Run 2.' 

- - - - --- - .  



Fig. 34. Section view of Bevatron at Bay 20. 
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Fig. 35. Indium foil  study of 'neutron flux along a  radius  a t  Bay 20. Beam 
is 2 t o 3  X 10lo protons/pulse a t  6.2.Bev with 3' carbon ta rge t  at I 
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detectors  have yit$.lded, only f ragmentary 'g l impse  s 6f the ' role  played by 
varioiis segmknts of the.machi'he a s  neutron sources.   oreo over, none of 
this information. revealed the appar&nt ' sharp  delineations of the neutrbn- . 
producing a r e a s  indicated'by foil measurements .  1t is '  expected that the 
under standing gained through these experimirits will' enter  significantly into 
shield considerations for the future.  

TECHNIQUES FOR RAPID S.URVEYS 
. . 

. , .  
. ' si . tuit ibns ar ' isc  in  which the hazard  existing a t  some previously 

unsurveyed location mus t  be determined quickly; Such situations usually 
r e su l t  f rom txperim'ental  conditions that requi re  changes in  shieldicg and 
a c c e s s  t o  q rebs  not normally .open to personnel.  The portable integrating 
e.lect.romefek and plastic -wall ion chambers  a r e  us.ed for  these surveys.  An 
RBE (relative biological effectiveness) value of 10 i s  assigned to the. .response 
of .the' i n s t - h e n t  when readings a r e  in te rpre ted  in  t e r m s  of -biological hazard .  
As a,n ,addqti'o;.hal check, 'a measuremeti t  i s  taken at '  a tiearby .location that 
should' be unaffe:cte'd by .the special  conditions .and a t  which the radiation 
level i s  known f rom previous measurements .  Experience. has  shown that 
'thi's. s o i t  .of qbick. surveying technique .i's sat isfactory in most  c a s e s ;  fo r  the 

' 

few remaini-ng situations, ,standard survey equipment is.brought into oper- 
ation and thr.ee-component measurements  a r e  taken. 

. . 
. . . .  . , SUMMARY . . 

The various radiation de tec tors  descr ibed in  the foregoing pages have 
been employed to measure'.  the s t r ay  radiation field ,of the ~ e v a t r o ' n .  These 
measurements  have 'made i t ,  poSsible to construct  a genera l  pa t te rn ' for  
each of the'  th ree  significant components' of' the field: the fast-neutron, 
s l ~ w - n e u t r o n ,  and gamma-ray  fluxes. 

As a biological hazard,  the fast-neutron component i s  the mos t  
important ;  thus g rea te s t  emphasis  has  been placed on measuring bnd under- 
standing the cha rac te r i s t i c s  of this  flux. Cur ren t  evidence shows that the 
ma in  shield i s  of adequate thickness and that a i r  scat ter ing over the shield 
top contributes a significant amount to the fast-neutron flux seen outside 
the shield. It i s  undoubtedly t rue  that the apparent effectiveness of the 
relatively thin main  shield is, to a considerable extent, due to the presence 
of a 2-ft- thick i ron  f lux-return path along the outer per iphery of the magnet 
a t  the median plane. The tangent tanks a r e  revealed a s  major  a r e a s  fo r  
neutron emiss ion  f r o m  the acce le ra to r ,  especially i f  obstructions o r  ta rge ts  
a r e  presented to the beam near  these locations 

~ a r ~ k t s  a r e  a lmost  a l ~ y ~ l ' " t h ? n . ~ ~ ' f o r  protons of the energy range 
produced by the Bevatron; fur thermore ,  only a sma l l  f ract ion of the total 
beam par t ic les  undergo nuclear react ions in the ta rge t  mater ia l .  ~ h u s  the 
main  effect of a t a rge t  on the beam par t ic les  i s  to degrade their  energy 
slightly, a p rocess  that forces  them to sp i ra l  inward and ultimately s t r ike 
the sur face  of the vacuum tank. .The high-energy pro'tons will then produce 
secondary part ic les .  - many of them neutrons - a s  they a r e  degraded i n  
energy in  pas sage through the magnet s t ruc ture .  



The shielding i s  r a the r  easi ly  a r ranged to contain the high-energy 
par t ic les  in  the forward direction f rom targets ,  because the charac ter i s t ics  
of these "beams" a r e  well known, and the required shield a r e a  i s  not g rea t ,  
However, these beams  contribute only a minor  component to the total s t r ay -  
radiation flux produced by the machine. The grea tes t  source of s t r ay  radia-  
tion undoubtedly der ives  f rom the degradation in energy of the large fraction 
of beam that i s  mere ly  deflected by the target  and impinges on the vacuum- 
tank walls to  penetrate o r  even pass  through the magnet s t ructure.  Neutrons 
produced by these pkocesse s (the evaporation neutrons) may be distributed 
widely around the magnet ring; in addition, thcre  a r e  no directional propcrt ics  
associated with this s o r t  of neutron emission. It i s  therefore evident that 
shielding against these neutrons cannot be done simply and economically, 
a s  for  beam part ic les ,  but m u s t  essentially requi re  shielding the ent i re  
acce lera tor .  It should b e  mentioned that 'a  significant gain i n  shield effective- 
ness  may be brought about through the addition of shield mater ia l  around thc 
open s ides  of tangent tanks. However, these a r e a s  a r e  vital to operational 
and experimental purposes and cannot be indiscriminately buried in  mass ive  
shielding. These a r e  thc major  problems to be considcrcd a s  thc Bcvatron 
becomes a m o r e  dependable machine, capable of producing T6h-energy  
proton beams of increasing intensit  . Beam levels  of 5'X 10 ppp a r e  a 
rea l i ty ;  beam levels  of 2 to 3 X 10'rppp will probably be achieved in  the near 
future.  The radiation levels  likely to accompany this higher beam intensity 
m u s t  then b e  assumed to exist ,  and a s  a minimum objective means mus t  be 
found to keep these levels  within the safe l imits  current ly prescr ibed.  

The course  for much of the future Health Physics  work a t  the Bevatron 
has  already been descr ibed under respect ive section headings. The general  
a r e a s  in  which effor ts  will be  concentrated a r e ,  fur ther  determination of 
charac ter i s t ics  of the radiation field, determination of the neutron energy 
spectrurn'and identification of the ro l e s  played by various pa r t s  of the 

- 

acce lera tor  in neutron production. Information gained f rom these investiga- 
tions i s  immediately useful to evaluate the biological hazard;  i t  i s  a lso im-  
portant data for shielding calculations. The purpose i s  twofold: to extend 
and clarify the understanding of the radiation field, and to provide information 
that indicates methods to  reduce fur ther  the radiation levels in occupied a r e a s .  
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