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.A SPECTROMETER FOR MEAS'U’R’ING
CHARGED PARTICLES AND NEUTRONS

Alessandro Rindi
Lawrence Berkeley Laboratory: 3

University of California
Berkeley, California 94720

--Abstract™ .-

An instrument for measuring neutron spectra in the approx--

“-imate e_nefgy range of 30 to 300 MeV and protons spectra from 30 to

> 300 MeV has been built in our laboratory.  The instrument is in-

tended for performing measurements in weak radiation fields, such

asvthoﬂs'e“:én_"co,untered behind the shielding of high energy accelerators. -

1. ]Ent‘rod:u'c::tion'

"-Detvé.iled knowledge of the energy diétfibu;:idn of the particles
in radlatlon fields is 'esvsential for calculating shiéjl'ding as well as for
assessing ‘the riski’ 2) in high—énergy radiatior.x‘ health physics.
| Pfe’sent measurement techniques‘ comrn_bhly used around nu-

clear reactors provide precise measurement of neutron spectra up to

‘about 10 MeV3). Proton recoil measuremen_tsl'in nuélear emulsion

allow quite precirse measurements in fields of he}i't;rons of up to about
20 MeV of known éngula_r distribution. -Above this _énérgy, track loss
corrections become difficult and thevmetho‘d' is not reliable4). Nuclear
emulsivo.hs.'a_re useful at higher energies only f6r giving some indica-

7

tion of the slope of a smooth neutron spectrum assumed to be of the



-2-

. 5 ‘ ’ -
form of E™ " ). Threshold activation detgctors have extended this

range up to about 100 MeV and ovér6). However,_.z F.heir low se'nsitivity
makes their use in stray radiation fieids very (_iifficult.

Theoretical calculations show that the ';cfériebrvgy of the neutron
and charged-particle fields behind the _shieldiri‘g' 6‘,f'>hig'h energy accel-
erat-or”sfext‘e'nds upto the enefgy of the prima,ry'r_:b'eaj.'.i‘n. [ Sée bibliogra-

- phy in refefence.i).] Theory a;l_so sugéests' tﬂaf Atheivsh-ape of these |
épéCtra-behind a thick shiélding has to be sim'ila;r to that of cosmic
rays. "1"he‘ fe\ﬁ data collected for neutrons seeij-to confirm this as-
sumptioh1). No .attem'pts to measure proton oxfffdéher charged-particle
spectra ha'x}e been not;ed in the literature. -

Radiation fields in which protection méa‘éﬁf'ements have to be
performed are very seldom geome_trically definéd, i.e., the spatial
distribution of the field is generally unknown o'r.‘-c')nilyv broadly defined.-
With the eXceptidh of activation detectors, 'theb 'ixi:‘étruments used for
neutron’SPectr»a‘l measure‘rhenés have a 'responsé wh1ch depends on the

'sf)ati'al .di.s‘t>ribution of the neutrons. For ﬁeﬁtrﬁﬁ_s éf energieé <10 MeV
behindv the éhiélding of high ghergy 'acvcelerator.s.,-,We. assume from
thedretic"a;l»cohsideratioﬁs in the trahsport theo.t.'y.t'ha.t t_héyrare iéo—
trbpic,' a.,l‘though we do not know of experir_nental :rﬁéasureménts con-
firming this assumption. At higher energy, isléfrjopy canno‘t be as-
sumed even on a theoretical basis; here, ﬁleaéuréfnent or theoretical
calculation of the angular_distribution is r_equii;ed for correcting thé
response of the spectrometers.

Tﬁe apparatus we-describe in this paper has a broad range of

applications. It can be used as:
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a, '_ A-:'high-sensitivity neutron spectrometer_‘_in_‘ the energy range
from about 30 to 300 MeV when the spat'ial distributron of the
"‘ne‘utrone is kno.wn. Its cha'racteristic-s_'f'or this mode of use
ar’e. described in section 3.1. |

b. A charged particle spectrometer in th-e .e_nergy range for
protons, between about 30 to 300 MeV rvhere it determines
also the angular distribution of these particles.‘ This use is
_d_e.sv_cribed in section 3.2.

c. . A »fneut'ron spectrometer in the ener.gy'_rangve from about 30 to
150 ,MeV in a field of vunknown‘ spatialv distribution where it

' _also detects the direction of the incoming neutrons. Its effi-
~ciency is.much lower than in case a. Thls use is described -

L

in section 3.3,

2. Desjcr.iptionv of the Apparatus

'I'he sensitive part of the spectrometer coneists of a stack of
12 multlw1re spark chambers, 13 sheets of hydrogenous mater1a1
and 15 plastlc scintillators (fig. 1). The mu1t1w1re spark chambers
have a sens1t1ve area of 50 X50 cm2 and are composed of two wire
grxds spaced 1 cm apart, The wires of the grids are spaced 1 mm
apart and are supported by a metal- remforced plastlc frame Abm‘ix-

ture of 90% Ne and 10% He is clrculated 1ns1de the chamber _The hy-

- drogenous mater1a1 which we shall call the converter is made of

polyethylene sheets 52X60 _cmz and either 0.635 or 2.54 cm thick.
This conve_rter has the double purpose of generating recoil protons

and .of slowing them down. The scintillators, 52X56 cm® and 0.317cm
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thiéi(. are connected through light pipes to phovtv_(v)vl.'nultipli.ers, ‘and vare _ | -
ﬁsed for triggering the spark chambers simul'faneously follqwing a ’
1ogic 'séhgrﬁe that depends on the chosen use of.:t'»}.ief vappajratus (fig. 2).
/."I'.he two spatvial coordir.latevs of the spar.kv m each chamber are
determih_éd _through thé typical »magnet-ostrictiv_e'v_,vr.‘ve;"'av;dout system7) and
recorded »oﬁ a magnetic tape. A dé_ta)il_ed Qéscrip_tién of the apparatus

is repor't,ed‘ inS) .

3. Uses of the Spectrometer

3.1. High-Sensitivity Neutron Spectrometer .

The"neﬁtrons which reaéh the convertei‘s sgr..-‘th‘e scintiliators
undergov.an.elasticv scattering réaétion with the"ﬁy;ifbgen' nuclei. The
spark chav,‘mbers‘ record tf_le tracks of the scatte:ri'ed“_protons. The spéc¥ X
trum of;"thy'e éingle scattered recoil.proton,s is thenused for unfolding
the incident neutron spectrum. The logic for th:isv_v.u_se .of the apparatus
is set in the following wa&: | a coincidence of any-v‘thi-e'e or ﬁore vcontig'-
uous séinti_,llators, and an anti-coincidence of the 'f_ifASt or ias't or vext'er- |
nal scin@ill’ator is required for triggering ‘the hlgh voltage to the 12
spark c'h_a"rn’befs. In such a way we detect the p.1;‘c.)‘t‘_o'hs. genefat'ed inside-
~ the speci:l?ofnetef whi_ch have enough energy to c.r'ovs_é at least two units
'"converter _plﬁs scintillator" afxd c‘ompvlete their trajectory inside the o
spectrometer. Wh‘enz the spectrometer is used_vi;q this way, its effi- _ v
ciency depends on the energy.'and angular dis-tr i'h;_ititii)n of the incoming
neutrons. . |

The unfolding of the neutfon spectrum is 'é;ﬁne by numerically

solving the first-order integral equal;ion
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N(E) = g AR(E )K(E,, Ep)dEn )
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where .N(Ep) is the proton recoil spvec.:trum.‘ as'_de’tected inside the spec-
trome‘ter," "@(En) 1s the neutron fluence incident on a face of the spec-
trome_ter' of aree A, end K(Eh, Ep')>is the. ker‘nel.‘matrix of the system.
The urifolain'g is execut.e,d’ by three Computer pr'o:gr'oms for the CDC
7606 o | | o
The flrst program PTAPE uses as mput the coordinates of the
sparks in the various chambers for each tr1gger1ng event as prov1ded
by the magnetlc recordmg unit of the spectrometer and genera.tes the
spectrum of the single scattered rec011 protons ‘which complete the1r

track 1n31de the spectrometer N(Ep). This is done by determining,

. for each event, the length and the angle of the‘p‘roton recoil track on

a coordinate systerﬁ associated with the spectroﬁleter. Single scatter

_events are accepted if the proton track follows a straight line within a
glven approx1mat1on checked by a least-square method and is con-

‘tained inside the spectrometer volume. From the length and direc-

tion ot.the.track inside the spectrometer, the'_energy of the recoil
protoh is determined ra.nd the recoil proton. 'speotrum is c_aleulatea by
a smoothing routine. | |

The second computer progrem (DEER)’_genera‘tes the matrix

kernel .K(En, Ep). This is done in a simulation process through

: u‘sing the Monte Carlo method. For generating the kernel, an angular

distribution of the incoming neutrons has to be assumed. Neutrons



impinging. on the spectrometer are followed thrOuéh it. An anelyti'cal' -
eﬁcpression for the differential (n, p) elastic scatt"e.rving cross section in-
the energy‘range of interest Was derived by a least square fitting of the .
avallable experunental data ) This expressu_)h. lsvused in the pro-
gram, wh1ch also considers the possible interactiohs with the carbon
nuclei of the ceriverter and of the scintillat'or s'na’iihtroduces appr_opriate
.correc-tiens.‘ | | -

vchr“every neutron of energy En enteriné 't__h_e .spectromet.e.rv,' the
pr__ogram" c'a‘iculates .the.probabilit‘y of ‘generetinhg.‘ a proton of energy Ep,'
whose t‘rajector'y‘ is contained inside the s’ehsiti,vef volume of the spec -
trometerz. _ | . |

The third computer progrem (LOUHI) is ‘.u‘sed' for hﬁmericelly
solving the integral equation (1): formal solution methods are not apph--
cable in our case because the proton spectrum N(Ep) and the kernel
“ K(E E ) are known only as a set of dlscrete pomts{ The unfoldmg

method ut111zed in the computer program 'LOUHI, 10,11

) is a general-

ized least—square method with nonnegatlve solutlon.. It has .bee'n used
extenswely‘ in our laboratory for unfoldlng neutron spectra for thres--

hold activation detectors. A detailed descr1pt10n of these three pro—

grams i.s‘ repdrtedl'in&).' S v A : .
| " The approximate valxres of efficiency range from 15% at the &
rninimlim detectable energy of ahout 30 MeV, to 0.5% at the energy of

ahoﬁt 300 MeV (which is the maximum detectab.le_'.Wit_h' the present

maximum converter thickness). . The upper lirntt of the energy of

neutrons that can be detected is set by the energy Iitp to which the n, p

| scattering niay be considered elastic, namely the threshold for pion




productiOn (about 295 MeV).

3.2. Use as a Charged Partlcle Spectrometer R

By modlfylng the logic of the comcldence system wh1ch trlggers

the spark. chambers, the apparatus can be us-ed fo_r measuring spectra '

of charg'ed particles, e.g. protons in the approximate energy' range
30 to '3;00-MeV If one requires a coincidence betWeen the first two or

three front sc1nt111ators, together with an ant1c01nc1dence of the last

' scmtlllator or of the scintillators that surround the sen31t1ve reglon
the spark chambers will record the tracks of the charged particles -

~which enter'the spectrometer from the front and _-c.omplete their trajec-

tory 1ns1de the sens 1t1ve volume.

The computer program PTAPE has been mod1f1ed so that it pro—

vides. d1rect1y the energy spectrum and the angular distribution of the

i xncomrng charged particles. A correction has_also_ been introduced
‘that takes into account the nuclear interactions of .the charged particles

inside the sensitive volume.

| T.heoretical studies on nucleon transport through shielding1 2)

indicate a.’relationship between the angular dist,r'i'bu_tion of protons and

 neutrons behind the shields, Knowledge of the ang:ul.ar distribu'tion of the

protons c_an'then' be used for inferring the anguiar distribution of neu-

trons to be.used for calculating the kernel matrix required for the un-

folding :of_the neutron spectrum in the use shown.vin section 3.1.

_‘:.#_%:’.-
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3.3. Isotropic Neutron Spectrometers

’The..triggering logic can be modifiea so':t.haﬁ only two successive
ela‘st.ic"sc'attvter’ihg events of neutrons on proton's'v_:a;‘f"e,recorded. K‘no.wl— '
edge ot_'vt.h“e»: location of the two scattering p_oints' and of the energy of the
two'scétt‘éréd protons allows a precise rrieasure.xfil;ient of‘t‘he energy as
well as the direction of the incoming neutron. o

A detailed design study of a do’uble-sca_tﬁe":»fing spark chamber
néuf:rqﬁ slvpectrorheterlquite similar to the one déscribed herg was d'one‘
s 13; |

by H. Gollnitz et al.”~). Using Monte Carlo teéhn’iques they inves-

tigated different triggering geometries for finding the maximum effi-
ciency. According to their calculation, efficiencies up to 0.1% for

neﬁtrons' < 100 MeV can be achieved. We hay_e: not yet made any de- -

tailed study for our particular case.

4. Conélusi'ons

’ F.igu;rle 4 shows the sensitive. part of the _éppéraéus: the trigger-
ing scinl':ilié.t'ors', the spark éhambers', and o.n‘e‘o_bf: 'th_e convefters are
visible in thé picture. Figure 5 shows the rack; w1th the electronic
yvcoin'cid'e‘nc:e éiréuits; the magnetostrictive reac.ijlolit:é}vrstem and the
' fecording ﬁnit. | _

'fhé specfrometei’ \a;/as -teétéd by exposihg. _.it to a 600 MeV proto.ni
beam a£ the 1'84-Inch Synchrocyclétroh; This ;ilSWed us (a) to time the
triggering logic; (b) to measure the spatial efficiency of the spark cham-
bers which has proved to be uniform over the ser.l:sit:ive area; and (c) .
to determine the accuracy in the determination of.t_he pa;rtic_le tracksbz

for protons crossing the 12 chambers normal to the chamber plane,




\
&y J

-9-

the average deviation of the recorded tracks fr'om~a_.' straight line was
0.4 mnd, : and was 0.5 mm for particle crossing at an angle of 25°.
"The'appa'r'a.tu.s is presently installed behind the shielding of the

184-Inch Synchrocyclotron where it records stréyz'vproton spectra under

differeht_ accelerator uses.  As a next step, w_e_. are planﬁing to per-

form the following _e_xperimentsf

1. Meé.:sﬁre the proton spectra pi‘oduced undér_:cointrolled ge;)metrical E
cbﬂditiéhs: a 700 MeV p beam will be stoppé,_d"'on a copper Itarget ,
a coanete block will be poéitiohed beside thé target 'and’th_e instru-
ment Qill be located behind the concrete bléék'_at-differént angles -
.frorn: fhe beé;m direction. - This s.traightfo.rwn'a{ifd geérﬁétr& \&ill be
bvsi_1_'nul"ated in a qute Carlo progfam and fﬁe_ ‘theoret'i.cal.avn'd exper -
imenfai result;s will be compared. S o

2. Rep.e'at‘; the same prbcedure with the .spectrbn_ﬁeter logic sevt for
its gse as a neutron detector, for both the__'u__:‘;e_.s_ described in sec-

tions 3.1 and 3.3, and compare with theoretical data.
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