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NUCLEAR TECHNIQUES FOR PLASMA nlA(;NOSTIcS

I .  ROLE OF NUCLEAR TECHN IQUES IN FUSION

• Fusion is a nuc lear process . l) euter ium and t r i t i u m  nuclei
are fused by t a c  d ( t , n~i 4 He , d ( d n~i 3He and d ( d ,p 5, t  react ions to
release energy. Both the d—t and d—d processes are characterized

by the emission of MeV—type neutrons and ions (Fig. ii. The
measurement ci t hese radiations provides a direc t indication that

fusion reactions have taken place in a plasma . Techniques

developed t’or s t u d y i n g  nuc lear reactions are amenable to charac-
t e r iz ing  these rad ia t ions  from plasmas in the  labora tory .  In
this talk I shall review some of the recent developments in

this area as applied to pulsed—p lasma devices . In mos t plasma

devices neutrons are more readily measured than ions because

neutrons can penetrate t he p lasma and c o n t a i n i n g  wal ls  or vacuum
container to detectors located outside . For applications such

as the development of intense ion beams and collective accelera-

tion of ions , direct ion measurements are preferred . Most

experimental stud ies have used the d—d reac t ions to avoid the

problem of tritium radioactivity C V eI I  though the d—d yield is

about 102 smaller t han the d—t yield at low energies.’

One purpose for making measurements of neutrons from pulsed

plasma sources is to determine the mechanism of neutron production .

Therefore measurements , not only of the total neutron yield , but

also the neutron energy , angular distribut ion and source location

are desired . An important concern is the role of neutron

production by low energy fusion reactions compared to neutron

production by the acceleration of ions in a beam—target process.
The latter process is likely to produce neut rons  w i t h  d i f f e r e n t
energies and angular distributions t han that expected from a low

energy fusion process. To evaluate suc h processes, precise
angular distributions and energy determinations (

~ lO’~ uncertainty)

may be required.
Not.. Manuscript suhnittt.,l March • 19711
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For a plasma conf ined  and heated to fusion temperatures ,
neutron and ion measurements provide information about the

energetics of the ions in a plasma . Energy is usually coupled

to the plasma d i rec t ly  to the electrons , but  the  energy must be
shared w i t h  the  ions to achieve fusion . A measurement of the
tota l  number of neutrons produced by such a plasma indicates how
much of the fuel  in the plasma is consumed by fusion . Because
the neutron yield is strongly dependent on the ion energy , such

yields measure the magnitude of ion heating in a plasma . This

is usually specified by an ion temperature ; an average k i n e t i c

energy for the ion species . For a plasma containing N deuterons

confined in a volume V, the rate of neutron production is given

by

R N2 <~~~~ v > 
- V

where ..- o v >  is the produc t of the fusion react ion cross section
and the relative velocity of the deuterons averaged over the
velocity d i s t r i bu t i on  of the deuterons in the plasma . The
quantity <~~~~v~~ is a sensitive function of ion temperature as

indicated in Fig . 2 for a Maxwellian velocity distribution .1

For any particular plasma source the scaling of neutron yield

with ion temperat ure may involve a description of the energy

couping processes which leads to a non-Maxwellian ion velocity

distribution . Even so, the neutron yield remains sensitively

dependent on the ion energy . In fact , the scaling of neutron

yield with energy coupled to the plasma may provide a test of our
understanding of the energy—coupling processes . Because the

neutron yield is so strongly dependent on the ion temperature ,

an uncertainty of a factor of 2 in the neutron yield provides a

reasonably precise ion temperature determination .

2 
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II. NEUTRON DETECTION

What intensi ty of neutrons can be expected from a plasma ?
Let’ s start by asking how many reactions are necessar y to produce
1 MJ of energy . For the d(t,n)a reac tion , more than lO~~ reac tions
are required, and a 1. MW power plant would re quire even more
reactions. Present day plasmas are several orders of magnitude

less than this level. The largest yields are of the order of 1012

neutrons from plasma—focus and exploded—wire devices which involve

both thermal and non—thermal reactions. As break—even fusion is

approached , neutron yields can be expected to increase dramatically .
On the other hand, a small plasma device may produce less t han io~
neu trons. For a source of less than 102 neutrons , the statistics

on the number of events limits the usefulness of any measurement.

In general, neutron detec tion ran ging from io~ to greater than
1012 total neutrons is desired. A variety of detectors are

required to encompass this large range of detection.

• For a pulsed-plasma source, neutrons are usuall y emitte d in
a short burst in conjunction with an intense pulse of electro-

magnetic and x—ray radiation . The neutron detector must withstand

this intense radiation pulse and measure the burst of neutrons.

Two different types of detectors have been developed to make such
measurements.

Act ivat ion Detectors

To avoid the x—ray flash, a detector wh ich counts delayed
radioactivity induced by neutrons is used. Delayed response

counters which use Ag , Rh or Pb for neutron activation have been

developed for such measurements on plasma sources. The limits of

detectability and other properties of these detectors are

summarized in Table 1. The limits given in this table correspond

to a measured count of twice background for the counting time

given. These detectors are generally useful for yields exceeding

10 to l0~ neutrons. The counter may be surrounded with a neutron

moderator to improve sensitivity, but this leads to pract icall y

_ _ _ _ _ _ _ _ _ _ _  ~~~~~~~ ~~~~~~~~~~
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no d iscr iminat ion against  neutrons of d i f f e r e n t  energies.

Detailed descriptions of these counters may be found in the

literature.2 5  A brief description of each counter is given here.

The Ag counter2 consists of four Geiger tubes wrapped with

Ag foils and embedded in a polyethylene moderator. The Geiger

tubes measure the a—decay of Ag activated by moderated neutrons.

This counter may have appreciable dead-time losses for intense

bursts of neutrons because the Geiger tubes have an appreciable

dead—time (
~ 100 p.sec). 

Tn a study3 of this effect on one such

counter dead-time losses were apparent (1$ correction) for

measured counts of 2 x l0~/60 sec and the counter became unusable

for measured counts exceeding 2 x lO~,’6O sec .

The Rh—counter3’4 is less susceptible to dead—time losses

because it uses a plastic scintillator , photomult iplier and
commercial electronics capable of l0—~isec pulse—pair resolution .

A schematic of this detector is given in Fig. 3. The Rh—foil is

embedded In a polyethylene moderator . The scintillator measures

the ~3—decay of Rh activated by moderated neutrons. The light pipe

prov ides for moderat ion an d backsca t ter of neutrons which pass
through the foil. The Rh—counter is significantly smaller than

the Ag counter and more useful for angular distribution

measurements.

The Pb activation counter5 is sensitive to fast neutrons and

does not use neutron moderation . A 5—inch dia. by 5—inch plastic

scin t illator totally encased in lead is used to measure the F
activation of 207mPb by neutrons with energies greater than a

threshold of 1.6 MeV. The sensitivity of this counter increases

by a fa ctor of about 35 as t he neutron ener gy increases from 2.5
to 14 NeV. Since the response of a moderated counter is relatively r
insensitive to variation in the neutron energy , a compar ison of
yields measured with the Pb—activation counter and a moderated

counter can provide information about the neutron energy spectrum.

4
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These d~ teetors are usually calibrated wPh neutrons from

radioactive sources or from a d—d or d—t generator . Such

calibrations may not be appl icable to measurements on a particular

plasma device because neutron scattering and absorption may alter

the calibration . To assess the importance of scattering and

abaorpt ion , Measurement a with a radioactive source can be made
with the detec t or in situ on the plasma dcv ice. Measureaet~ ( s  of

sources with different fleut ron energy spectra i. e.g. Am—Be and
25 2 ’  (i can be u sed to study S he dependence of neutron at’s t ter ing

and sbstwpt ion on neutron energy . See Ret . ~ for an applicat ion

of this tet’hni~ ue to a part icular plasma device.

Sem i tUat ton Detectors

Sc in t it tat ten cons t ing- ot’ ~ieut ross is required to measure
sen t ron v i d  da from less tnt ense pulsed —plasma sources . To
avoid S he x — ra ‘~ f lash prob tea sent ron interac t ions in the St in —

tiLl ator may be delayed by using a moderator. The most sensitive

detect ton systea uses a glass st’intillator loaded with the
isotope 0Lt and ombethtt’d in a polyethylene moderator . A schema t ic

of such a detect or is given in Fig. 4. Relat tvcly large pulse—

height signals arise from t h e  5Lit n .~~’i 3 H reac ti on (Q — 4 .78 MeV~
in the setutillator . The ross sect ton for this reaction is

several barns f~ r 10 keV . Moderated neutrons interact in

the  s c i n t i ll a te r  producing a s t anda rd  pulse height  for ind iv idua l
interact tens . The moderator causes interact tons in the se in—

ti llator to be delayed and dispersed in t ime up to severa l hundred

microseconds after t 1w sent ron burst . A t ime spec t rum correspond tag

to a single burst of neutrons is shown in Fig, ~~~. The initial

pu lse is the ~-r*y response which saturates the electronics. A

pulse—height spectrum of the neutroti events in this detector

gives a reselut toti of *bout 30~ . t~urtng an interval of about

~00 ~tsee following the x—ray response, neutron interactions can be

measured with essent tally ~cro background . The sensitivity of

this deipe t or is such tha t , en the average, one interaction can

b, deter ted from a pulsed source of 75 neutrons total y i e l d  lo~’a ted

S
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5 cm from the front fare of the detector . Neutron yields ranging

from 101 up to iO~ can be measured with detec tors of’ this type.

A smaller detec t or with a 2—inch dia . st’intitlator can be used
where less sensitivity is required .

To detec t neutrons with an unmotterated scintillator , a t ime—

of—flight path for the neutrons is required to separate their

interaction in the setutillator f rom the x—ray t’las~ , A fast

recovery detector and a flight path of at least a meter are usually

required for MeV neutrons . This naturally leads to a reduced

sensitivity, instead of us ing  a (light p a t h , one may t r y  to

eliminate the x—ray flash with high— ’!. shielding between t h e
ec Intlila for and plasma source. However , the’ sent ran response in

the se,’ tnt Ii tat or is usually much sins I lt~i~ than S he x—ray response

so tha t a clean separation ot’ t hese responses with shielding is

difficult at best and not recommended

Yield measurements w i t h  a f a s t — t i m e  response organic scm —

tillator are complicated by nature ot ’ th~ neutron i n t e ra c t ion in

the scintillator . Neutrons interac t in the scintillator primarily

by n—p elastic scattering . For a neutron energy t~~, th e  proton
recoil energy is given by — ~os1 A where $ is the proton

scattering angle. The neu t ron may transfer any energy ranging
t’ros zero up to to the recoiling pi’oton. Consequently the

detector response to a single neutron interaction ranges from zero

to a maximum value proportional to the neutron energy. To
determine the neutron y teld for a burs t of monoenerget ic neutrons ,
the num ber of neutron interactions in the s&’intillator must be
large enough so that the measured response re presents a statisti-

cally significant average over the distribution of individus l

responses , This requires at least 100 in te rac t ions in the

detector . For a flight path of one meter and a 15 cm dia. detector ,

the source strength must be at least l0~ neutrons. At this level,

a Li—glasa scintillator detector can be used more straigh t forwardly

for yield measurements.

d
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Proportional counters such as RI.’3 gas—tilled counters
embedded in a moderator are highly sensit ive’ neutron detectors .

However , such counters  are’ limited for plasma appi ira t ions

because t hey have dead t imes of 100 ~se’c

I tine—o f—Fl tght Techniqu e ’

The pulsed nature’ ct many plasma source’s makes t h e  t t a r — c t ’ —

I i g h t  t e c hn i q u e ’ ideal  f or  m e a s u r i n g  n e u t r o n  ene’rgios . The
ncu t ron on erg  v s dot t’l’in t nod t’ coin a measurement o I t he neu t ron

I eg hi t t int’ I or a known (1 ight path. With t as t se ju l 1 1 lators and

phot omu  it i pliers a t ime resolution of 5 to 10 nsec is achieved
pic al Iv . A 2. -~~~~ MeV (14 . 1 MeV ’

~ neut  con has a ft i gh t  t ime’ 01’

4t ns in ( 1t~ us m~ so t’ light pa t hs 01 severn 1 met ers ar e ’ usually
u’~ett t o  s ep ar a t e ’ t h e  n eu t  cons and x rays . In e x p e r i r n ’n t s  w her e

I ic x — r a \  pu iso is  Sn I S ic i on t lv tn t e’liSe’ , t e ch n i q ue s  h ave  been

deve’ loped t o  gate o tt - the ’ photomu l t t p1 ier dur  l u g  the initial

x—ray burst and turn i t  on bo t ’oro the neutrons arrive at t he’

~le t e ’e’t or . t a

A t i n i o — o t ’— I  1 i g h t  measu r emen t  is illustrat ed in Fig. Ii f o r
sen t ross genera  t oil t’ corn a deu t er t urn—loaded vacuum spark dew ~~~~

These t races w e ’re’ o b t a i n e d  w i t h  a 12— inch d Ia . sc tnt ii later

coupled Liv a light pipe t o  a 5 — i n c h  d i a .  pho t omu lt  iplier . The’

res posse t tat’ FW HM~ for t his large’ dot or I or was  a Lieu t 20 list’r
The sen t ron signs 1 is we 11 se’para ted fr o m  t h e  x r ays  at  t hose

ti ight p at  hs . It t he’ f lou t  ross a r ’  e m i t t e d  s i m u l t a ne ou s l y  w i  t h

x ra~ s , A flou t ron en er gy  of 2. 0. 1 Me’~ is in  I erred . These

sent ron t races correspond to only 9 f lout  ron in S ‘t’ac t b u s  in t he ’
sc t n t  it tat or at  2 . 2t in and 4 tnt erac t tons at 4, 17 in based on
y i el d s  o bt a i ne d  w i t h  a ~Li—g1ass s c in t  jUster .4

As t he 1’ 1 i gh t pat ti is i tic reasod , t he’ recovery I ime’ re’qu trod
a g i ven sen t ron one ’rg y I tic reas~’s I i near  lv , ~~~~~ t t hi’ number o I.

flou t rena i nc i d en t  on a g i ven  d et o r t o t ’  decreases qua d r at  tcal lv
r h ’ r e fore ’ a compromise’ must bt’ mad ’ between dot  ector  sens tt  i v tt  ~
and h ighes t  measurabl e’ sent ron en e rgy  in se’ ler t ing a Ill ght p a t h .

-‘
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The energy resolution is also determined by the flight path

because the energy resolution is directly proportional to the time

resolution (~~~~E 
— - 2 6t - t ~~, As the flight path is increased ,

t increases , but the time resolution 6t remains fixed so the

energy resolution scales inversely with the flight path.

Let me illustrate the value of the time—of—flight technique

by two extreme examples , if the neutron yield is sufficiently

large so that very long flight paths can be used, then the time

spread of the neutron response is dominated by the spread in

ener gy of ions in the plasma ra ther than by the detector res ponse
time or the plasma duration . Under th ese c irc umstances , this

technique has been used to determine the ion temperature in a

laser-produced plasma experiment at Lawrence Livermore Laboratory.6

Neutron spectrometers with 3.5—na time resolution are located

~~~~~~~~~~ a from a plasma source which is produced with a 40 psec laser
pulse. The time spread of the neutron response for 14 MeV

neu trons is measure d to determ ine ion temperatures of 5 to 6 keV
for total yields of — 5 x l0~ neutrons.

6

In the second example , the neutron flight path is

suf ficiently short , and the de tec tor response t ime small enough
so that the time Spread of the neutron response is dominated by

the duration of  the pulsed plasma source. Under these circum-

stances, in experiments at N’RL, the variation of the ion current

w ith t ime of an intense pulse d deu teron beam has been determ ined
by measuring the neutron response.7 Neutrons produce d by an
intense deuteron beam of 0.7 11eV inciden t on a deuterated poly-

ethylene target are measured with shielded detectors located

— 2 meters from the target. The deuteron current in the diode

is inferred from the duration and shape of the neutron response

in the detector.7

8
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III. ION DETECTION

Measurements of energe t ic  charged part icles from fusion

reactions in plasmas are more difficult than tor neutrons because

one mus t work w i t h i n  the  vacuum sys tem ol the  plasma container .

In this situation a detector is readily exposed to x rays,

neutrons , electrons and the ion blow—off from the plasma. A

recently developed detection technique which can be used to

avoid these problems is a track etch detector .8 Certain materials

( e . g .  cellulose n i t r a t e )  are sens i t ive  to the radiat ion damage of

highly ionizing particles such as energetic protons and alpha

particles but insensitive to the lesser ionizing radiations from

the plasma . Thin f i lms can be exposed to the plasma and then
etched in sodium hydroxide to reveal tracks due to radiation

damage. These track—etch detectors are particularly suited to

plasma experiments and are beginning to be used by more researchers.

To cite one example, the group at KMS Fusion has used cellulose

nitrate detectors in conjunction with a magnetic spectrograph to

determine the a—particle spectrum front the laser implosion of

glass shell targets loaded with d—t fuel. The energy loss of

the a particles in escaping from the core of the target and their

energy spread provide a measure of the temperature and degree of

compression in the target implosion .9

Pulsed Ion Beams

Some of the more significant developments of nuclear diagnostics

for ions have paralleled the increased interest in pulsed ion beams

for plasma applications . Such beams are attractive for heating

plasmas , for pellet fusion and for producing field—reversing ion
rings. In addition interest continues in the development of

energetic ions by collective acceleration with intense relativistic

electron beam sources. In all of these cases, nuclear techniques
have been applied to diagnose such beams. In the remainder of mj

talk I want to review the developments, which have been summarized

in a recent publication .10

9
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The techniques of nuclear activation have been applied to

studies with proton , deuteron and alpha—particle beams. The

approach is to measure the gamma—ray activity induced in a target

by charged—particle induced nuclear reactions . Target samples are

activated by the ion beam , removed and measured with a shielded

gamma—ray detector . In this way, the number of incident ions can

be determined . Knowledge of the ion energy may be required or

inferred from the measurement depending on the particular reaction

used.

The following steps are taken to optimize the sensitivity

of the activation . First , thick targets are used to optimize the

number of reactions . In this case, the reaction yield is given

by the integral of the cross section (c”) over the ran ge of the
ions in the target. The yield is t.~e number of reactions per

incident ion and may be written

a/c dE

where ~ is the stopping cross section of the target. The stopping

cross section is proportional to the stopping power (dE/dx).

Second , short—lived activities are used . If a small number of

radioactive nuclei (N) are produced , then a short lifetime (r) is
• desired to increase the activity (dN/’dt N/i). However, the

lifetime must be long enough to allow the target sample to be

removed for counting. Half—lives of the order of minutes are

convenient. Third , good detection efficiency with adequate gai~~a-

ray energy resolution is provided b , Nal detectors. To achieve

low back grou nd the dete ctors may be sh ielded with a few inches of
lead. Also for ~~ activities, coincidence counting with two

detectors at 180° to each other is used to reduce the background - -r
by several orders—of—magnitude .

10
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For low energy proton beams , ( p , ’y) resonance reactions are
used , The’ cross sect ion for  sucti a reaction is peaked at the

resonance energy , ER
. For a resonance of width F, the cross

section is given by the  resonance expression :

1.2
— 

R

4 (E—E~
)2 +

where is t he’ t ’ross section a t  the  peak of the resonance. For

a resonance with a narrow width , the  reaction yield becomes

IT

provided tht ’ proton energy is well above the resonance energy , i.e.,

E — ER I’ . The quantity Y is called the “thick—target step”

of a resonance, It is c haracteristic of a particular nuclear

reaction resonance and target composition . If the number of radio-

active nuclei produced by a resonance reaction is N0, then N0, Y~,,
is the number of protons with energy greater than the resonance

energy .

• There are only two (p,y) reac t ions on light nuclei which

have narrow resonances below 1 MeV and lead to short—lived ~~
activity. The most sensitive is the  12C(p,-y)13N reaction . The

thick target yield for this reaction is given in Fig. 7. No

resonances in this reaction at 0.5 and 1.7 MeV are apparent.

Between these resonances the yield is nearly constant , it is in

this energy region that this reaction is a useful diagnostic .

Estimates of the number of protons that can be detected with

the ‘2C(p,”y’’3N reaction as well as with the less sensitive

14N(p,y)’50 reaction are given in Table 2. Here we assume

counting with Na! detectors. The coincidence counting efficiency

f or 0.51—11eV ‘y-rays is — 10~ . The background depends on the

environment and shielding . A value of — 0.7 cpa is typical. If

we count for one mean—life and require at least 10 real counts,

11
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we find the detection limits given in Table 2. In exper iments a t
NRL , these reactions have been used to measure intensities

ranging up to 4 x 1016 protons .”

For deuterons of several P4eV energy both (d,n~ and (d,p)

reactions leading to short—lived -y—ray activities can be used to
determine the total deuteron number . A list of such reactions is
given in Table 3 with the associated y—ray and half-life . The
cross sec t ions for these reac t ions ar e small below the Coulom b
barrier but increase rapidly as the inciden t energy is increased .
These cross sections do not have narrow resonances, but they do
reach values 102 to l0~ times larger than the (p, ’y) cross sections,
thus increasing the sensitivity. Targets for the reactions in
Table 3 are readily available ire nearly single isotopic composi-
t ion , thereby greatly reducing the possibility of interferences
from competing reactions.

Thick-target yields tor deuterons on carbon and aluminum
are given in Fig. 8. In order to determine the douteron number
from an activat ion measu remen t, the deuteron energy must be known .
Simultaneous activations of both carbon and aluminum can be used

• to determine mean deuteron energies . The rat io of the yields from
C and At is given in Fig. 8. This ratio is a sensitive function
of deuteron energy so that o measured 13N ‘28A t ratio can be used
to determine the mean deuteron energy. Then the reaction yield
at this energy gives the number of deuterons. Two measurements

- • of this ratio for exploded deuterated polyethylene fiber plasmas
are shown in Fig. 8, Mean deuteron energies of 5.4 11eV and 7.3
11eV were obtained in these experiments .’2

More detailed information about the energy distribution of
ions may be obtained by activating a stack of thin foils and
determining the activation in each foil as a function of the
depth into the stack. The depth to which activity is observed
provides a measure of the maximum ion energy through the range-
energy relation for the ions in the material. In principle the
measured activities in a stack of foil~ can be used to unfold the

12
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incident ion spec trum . However this inversion is difficult in

prac ( Ice because it is sensitive to t he d ii  tei’enccs in activity

be tweete atti acet~ t tot is and t host’ di 1 terenc es are subj oct to

large errors . ~ v cn so, t ’ rude energy spectra have been determined
in some e’~cperiments .~~

3

Collec t lvi ’ Acceleration

The col let’ t I ye acci’lera t ion el pos i t I ye ions by an in tense

relat ivist ic elec t ron beam involves the i n t e r a c t i o n  of the ions
w t th st t ong elec t rostat  ic f’li’lds associated w i t h  the electron beam

such t h a t posit lv i ’ ions are accelerated in the same direction that

the beam propagatt’s w Ith ion energies substantially larger than
he in ,joe ted t’ lee I ron energy . There is interest in s t u d y i n g  t h i s

process and i ts  scaling to higher energy because 01 its potential

application to high energy ion acceleration . Ion beams of several

P4eV en ergy  produced by this process have been measured with

t h resho ld r eac t i ons , including ( p , n) reactions for protons up to

16 .5 P4eV ( R e f .  14 ’) and (a , xn ’) reactions where x — l,2,3 ••• for

alpha p a r t i c les up to 40 MeV ( R e f .  15) .

The (a , xn)  reactions are threshold reactions which can

provide information on both the ion intensity and the energy
distribution simultaneously even for a thick target . As an

example , cross sec t ions for  the 18 ‘Ta( n , xn’) 1 85 XRC reac t ions are
• shown in F i g.  9. The cross sections at  maximum are q u i t e  large

(—‘ 1 barn’) . Since each (‘ross sec t ion provides a natural window
i n t o  the a— p a r t i c le  energy spectrum , t h i c k — t a r g e t y ie lds  can be
un folded t o  determine the energy spt’c t r une . Each of I hose
reactions produces a radioactive Re nucleus which  is a delayed

• y—omittor as indicated in Table 4. The ‘y—r ay in tensi t ies  from

• d i f f e r e n t  (~~,xn) reactions can be measured simultaneously with a
• high reso lu t ion  Ge spectrometer and t h e  number of radioactive

nuclei  dot erminod . Then c~—partic1o intonsit ion are deduced using

the ’ cross sections displayed in Fig. 9.

13
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In summary , the following detection limits are representative

of the three different types of ions and energy ranges that I have

discussed . For low energy protons , (p,’y) reactions leading to ~~
activity are used and the limit is — 1012 protons . At higher

energies deuteron—induced reactions correspond to a limit of abou t
108 deuterons . A detection limit of’ — l0~ is achieved for 20 to

60 11eV alpha particles by (a,xn’) reactions .

IV . APPENDIX

The application of these nuclear techniques to diverse plasma

devices requires a knowledge of how neutrons and ions interact in

dit’ferent materials under various conditions . Much of this type

of information is tabulated in specialized references . A list of

some sources that may be particularly useful is given below.

1. J.B. Marion and F.C. Young, Nuclear Reaction Analysis,

(North-Holland Publ. Co., Amsterdam , 1968).

This is a compilation of properties pertinent to

describing the interactions o1~ charged particles , gamma rays and
neutrons in various materials .

2. W . Whaling in Handbuch der Physik, ed. E. Flügge, Vol. 34.
(Springer—Verlag , Berlin , 1958).

This article on “The Energy Loss of Charged Partic les in

Mat ter” gives a review of the experimental status of stopping cross
sections and ranges for protons and alpha particles as of 1958.

3. H,H. Anderson and J.F. Ziegler , The Stopping and Ranges of

Ions in Matter, (Pergamon Press, New York , 1977).

This is a recent extensive survey of the experimental

status of stopping cross sections and ranges for ions in matter.

It is arran ged in five volumes :
Vol . 1 The Theory of the Stopping of Ions

in Matter
Vol. 2 Bibliography

Vol . 3 Hydrogen — Stopping Powers and Ranges
• Vol. 4 Helium — Stopping Powers and Ranges

Vol. 5 Heavy Ions - Stopping Powers and Ran ges

14
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4. Ion Beam Handbook for Material Analysis, eds. J.W. Mayer

and E. Rimini, (Academic Press, New York,1977).

Chapters in this Handbook On “Selected Low Energy
Nuclear Reac t ion Data ” and “Energy Loss and Energy Straggling”
are relevant to ion diagnostics.

5. C.E. Crouthamel, Applied Gamma—Ray Spectrometry, 2nd. Ed.
revised by F. Adams and R. Dams, (Pergamon Press, Oxford,

1970).

The appendices in this book are particularly useful

for gamma—ray spectroscopy .

6. M.J. Berger and S.M. Seltzer, Tables of Energy Losses and

Ranges of Electrons and Positrons, NASA Report No.
SP—30l2, 1964.

Ava ilable throu gh the Nat ional Technical In format ion
Serv ice , Operat ions Division , Springfield , Virginia, 22151, as
Report No. N65-12506.

7. Neu tron Cros s Sect ions , BNL 325 , 2nd. Ed., Supplement No. 2,
Sigma Cen ter , Brook haven Nationa l Laborator y , Vol. 1 (1964),

Vol. II (1966), Vol. lIZ (1965).

An extens ive compila tion of cross sect ions for neutron
interactions for Z — 1 to 98 is provided by this group at BNL.

15
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Table 2

Limits of Detectability for (p,y) Resonance Reactions

Mean—life Detection Limit Energy Range
React ion (mm ) (#  protons) (11eV)

12c( p,~~) t S N 15 2 x 1011 0.6 � E~, ~ 1.5

14 N (p ,~y ) l 5 O 3 1 x l0~~ 0.3 ~ E~, ~ 1. 0

Table 3

Properties of Deuteron—InduCed Reactions

f o r  Diagnosing Deuterofls

Natural Isotope Half—life of Energy of

Reaction Abundance Residual Delayed
of Target Nucleus y—ray

(~
) (mm ) (MeV)

‘2C(d,n)13N 98.89 9.97 0.51

99.64 2.04 0.51

27AL ( d ,p)~~~AL 100 2 2 4  1.78

99.75 3.76 1.43

1 9 I
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Table 4

Properties of 181Ta(o,xn~ Reactions

Reaction Half—life Gamma—ray Branching

• (key) (-y/decay)

18t Ta(a , n~I ’84 Re 38 da. 904 0.40

‘81 Ta(c~,
2n)183Re 71 da. 162 0.23

‘8t Ta(n ,3n)’82Re 64 hr. 1121 0,20

1811a(n 3n)’82Re 12.9 hr. 1121 0.38

‘81 Ta(a,4n)’8tRe 19.9 hr. 365 0.65

I 1 
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d + d — 3He + n
( 0 , 82 MeV) (2 .45 MeV)

d + d -. t + p
(1.01 MeV) (3 .02  MeV)

d + t -. 4 He + n
( 3 . 5  MeV) (14 .1 MeV)

Fig. 1 - Fuaton reaction. for the hydrogen isotopes.

The amount of energy carried off by each partic le is

indicated . The energy of the incoming particles is

assumed to be negligible.

r
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• ION TEMPERATURE (key)
Fig. 2 - The product .- ~‘~~

‘- . for the d-t and d-d reactions as a
• function of ton t.mperatur. based on a Maxwellian velocity

distribution of the ions.
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POLYETHYLENE 
-

MODERATOR r
_ _ _ _ _ _ _ _ _ _ _ _ _  LIGHT-TIGHT ENCLOSURE

LUCITE — 
~~~~~~~ MAGNETIC SHIELD~~

2 INCH PMT

6LI GLASS
• LAT7~~~~~b_

Fig. 4 - Cross-sectional schematic of the 6Li-glaas scintillator de-
tector for neutrons. The diameter of the scintillator is 5 inches.
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12C(p,y )  ‘3N($’~’) 
‘3C -

—

0
0

Lii

In

- -
0
0

I I I I
0.2 0.6 10 1.4 1.8 2.2

PROTON ENERGY ( MeV )
Fig . 7 - Thick-target yield of the 12C(p,’y)13

N($+)~
’2C reaction.
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Fig. 8 y Thick-~~rg.t yields for the 1’2C(d ,n)~

3N and
2 At(d ,p) At reactions and their ratios .
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ALEXANDRIA , VA 22304

1 CV ATTN: ROBERT SULLIVAN

KAMAN SCIENCES CORPORAT ION
P.O. BOX 7463
COLORADO SPRINGS , CO 80933

1 CV ATTN : ALBERT P. BRIDGES
1 CV ATTN:  JOHN R .  HOFFMAN
1 CV ATTN: DONALD H. BRYCE
1 CV ATTN: WALTER E. WARE

LOCKHEED MISSILES AND SPACE CO INC
3251 HANOVER STREET
PALO ALTO , CA 94 304

1 CV ATTN: LLOYD F. CHASE

MAXWELL LABORATORIES , INC~
9244 BALBOA A V E N U E
SAN D I E G O , CA 9 2 12 3

1 CV ATTN: A. RICHARD MILLER
1 CV ATTN: PETER KORN
1 CV ATTN: ALI~.N C. KOLB

MCDONNELL DOUGLAS CORPORATION
5301 BOLSA AVENUE
HUNTINGTON BEACH , CA 92647

1 CV ATTN: STANLEY SCHNEIDER

MISSION RESEARCH CORPORATION
735 STATE STREET
SANTA BARBARA , CA 93101

1 CV ATTN: WILLIAM C. HART r
1 CV ATTN: CONRAD L. LONGMIRE
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MISSION RESEARCH CORPORATION-SAN DIEGO
P.O. BOX 1209
LA JOLLA, CA 92038

(VICTOR A. C). VAN LINT)
1 CV ATTN: V. A. C). VAN LiNT

NORTHROP CORPORATION
NORTHROP RESEARCH AND TECHNOLOGY CTR
3401 WES T BROADWAY
HAWTHORNE , CA 90250

(DESIRES ONLY I COPY OF CNWD I MAT)
1 CV ATTN : LIBRARY

NORTHROP CORPORATION
ELECTRONIC DIVISION
2301 WEST 120TH STREET
HAWTHORNE , CA 90250

1 CV ATTN: VINCENT R. DEMARTINO

PHYSICS INTERNATIONAL COMPANY
2700 MERCED STREET
SAN LEANDRO , CA 94577

1 CV ATTN: DOC CON FOR BERNARD H. BERNSTEIN
1 CY A T T N :  DOC CON FOR CHARLES H.  S T A L L IN G S
1 CV A T T N :  DOC CON FOR P H I L I P  W. SPENCE
1 CV A T T N :  DOC CON FOR I A N  D .  S M I T H
1 CV A T T N :  DOC CON FOR S I D N E Y  D. PUTNAM

P U L S A R  A S S O C I A T E S , I N C .
11491 SORRENTO VALLEY BLVD
SAN DIEGO , CA 92121

1 CV ATTN : CARLETON H. JONES JR.

R & D ASSOCIATES
P.O. BOX 9695
M A R I N A  DEL R E V , CA 9 0 2 9 1

1 CV ATTN: C. MACDONALD
1 CV ATTN: WILLIAM R. GRAHAM JR.
1 CV ATTN: LEONARD SCHLESSINGER

SCIENCE APPLICAT IONS, INC .
P.O. BOX 2351
LA JOLLA, CA 92038

1 CV ATTN: J. ROBERT BEYSTER

• SPIRE CORPORATION
P.O. BOX D
BEDFORD, MA 01730

1 CV ATTN: ROGER G. LITTLE
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SRI INTERNATIONAL
333  RAVENSWOO D AVENU E
MENLO PARK , CA 94 025

• 1 CV ATTN : SETSUO ODAIRIKI

SYSTEMS , SCIENCE AND SOFTWARE , INC.
P.O. BOX 4803
HAYWARD , CA 9454 0

1 CV ATTN: DAVID A. MESKAN

SYSTEMS , SC i ENCE AND SOFTWARE , INC.
P . O .  BOX 1620

• LA JOLLA , CA 92038
1 CY A T T N :  A N D R E W  R .  W I L S O N

TEXAS TECH UNIVERSITY
P.O. BOX 5404 NORTH COLLEGE STAT I ON
LUBBOCK , TX 794 17

1 CV A T T N :  T R A V I S  L .  S I M P S O N

TRW D E F E N S E  & SPACE SYS GROU P
ONE SPACE PARK
REDONDO BEACH , CA 90278

1 CV ATTN: TECH INFO CENTER/S—1930

VOUGHT CORPORATION
MICH IGAN D IV IS ION
38111 VAN DYKE ROAD
STERLING HEIGHTS , MI 4 8 0 7 1

(FORMERLY LIV AEROSPACE CORPORATION)
1 CY A T T N :  TECH L I B

NRL CODE 2628 - 20 CYS

NRL CODE 6700 — 1 CV

NRL CODE 6770 — 20 CYS (1 CV CLASSIFIED)
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___________________________

DOE DISTRIBUTI ON LIST

1. IL S. Department of Ene rgy
Washington , D.C. 2O5~ 5

At t n :  Dr. Leslie S. Levine
Dr. David F. Sutter
Dr. William A. Wallenmeyer
Dr. Daniel R. Miller
Dr. Terry F. Godlove

2. Lawrence Livermore Laboratory
P. 0. Box 838
Livermore, Calif. 911.550

A t t n :  Dr. John L. E mmett
Dr. James A. Maniscalco
Dr.  Richard J. Bri~gs

Dr. Roger 0. Bangerter
Dr.  Donald J. Meeker

3. 1045 Fusion , Inc.
39~1 Research Park Drive
P. 0. Box 1567

F Ann Arbor , Michigan 1
~~l0t

Attn: Dr. Henry J. Gomberg

II. University of Rochester
Laboratory f or Laser Energet ics
River Station , Hopema n 110
Rochester , New Yo rk l~4~ ?7

A t t n :  Dr.  Moshe J. Lubin

5. Sandia Laboratories
r. o. Box 5830
Albuquerque , New Mexico 87115

Attn : Dr. Everet H. Beckner
Dr. Glenn W. Kuswa (Org. 521i4)
Dr. Mil ton J. Clauser

Dr. Alan  J. Toepfer (Org. 52112)
Dr. John R. Freeman (Org. 5211~l)

6. University of Marylan d
Ins t .  for F lu id  Dynamics and

Res. Mathemat ics
College Park , Md. 2O7~42

A t tn :  Dr. Derek A. Tidma n
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7. University of California
Lawrence Berkeley Laboratory
Berkeley, Calif. 911.720

Attn: Dr. Edward J. Lofgren
Dr. Dents Keefe

8. Nationa l. Bureau of Standards
Washington, D.C. 20234

Attn: Dr. James Leiss

9. Los Alamo s Scien t i f ic  Laboratory
P. 0. Box 1663
Los Alamos, New Mexico 87545

Attn: Dr. Roger B. Perkins

10. Cornell University
Ithaca, New York 14850

Attn: Dr. Ravi N. Sudan
Dr. David A. Hammer

11. Stanford University
Stanford Linear Accelerator Center
P. 0. Box 4311-9
Stanfoi d , Ca l i f .  9430 5

Attn : Dr. William B. Herrmanns feldt

12. National Science Foundation
Mail Stop 19
Washington , D.C. 20550

Attn: Dr. David Berley

13. Argonne National Laboratory
9700 South Cass Avenue
Argonne, Illinois ~~439

• Attn: Dr. Ronald L. Martin
Dr. Thomas K. Fields

Iii. Director
Defense Nuclear Agency

• Washington, D.C. 20305
Attn: Dr. H. Carl Fitz, Jr. (RAEV)

Mr. Jonathon Z. Farber (RAEV)
• MaJ Howard W. Kympton (RAEV )

• 15. Maxwell Laboratories , Inc .
9214.4 Balboa Avenue
San Diego, Calif. 92123

• A tta: Dr. A. W. Trivelpiece
Dr. Peter Korn
Dr. Allen C. Kolb
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16• Bro-khav.n National Laboratory
upton. New York 11973

Attnz Dr. Alfred F. Maschk e
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