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ABSTRACT

We consider the possibility of using a solid-state radiation detector
as a target in order that_fhe recoil ener.gy of the struck nucleus, as well
as any charged nuclear fragme'nts, may be measured. In this way, one
can discriminate against those interactions leaciing to breakup of the nu-
‘cleus (noncoherent) and ca.n-also measure the momentum transfer to t}he
nucleus with considerably better precision than ndight otherwise be possible, -
As a first te!st of such a detector, we have observed the distribution in en-
ergy deposited in a 1-mm-thick lithium-drifted silicon‘ detector when 730~
MeV protons are scattered at small angle»s. by nuclei in the detector. When - -
the protons ti‘évérse the silicon without interacting, the‘ characteristic
Landau ehergy-—loss distribution is observed. When the-prbtons scatter at
small angles, | their energies and path lengths in the silicon are practically
unchanged, The recoil silicon nuvcll‘eus, however, deposits most of its ki-

netic energy, TSi' This energy is added to that from the proton, so the

“Work sponsored by the U. S, Atomic Energy Commission under contracts

W-7405-cng-48 and AT-(11-1)-gen 10, Program Agreement 10, -
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observed energy d1str1but1on in the s111con detector s shlfted upwar,ds by

’I‘Si when the proton scatters We have observcd thlS second pea.k at pro- -

ton scdttermg anales of 4.3, 5. 4 and 6.3 deg in the laboratory system and :

conflrm the prechcted encrgy Shlft The potentlal apphcatlons of thxs tech-

nique are discussed.
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This cémmunication describes a new evxperimentiq.lj technique that
we believe will bé of considerable value in elementary:éarticle physics
research, The device employed is a solid-state particle detector, Suéh
devices have been known to physicists for many years and have been used
extensively in low-energy nuclear physics. Their application in.l.migh-
energy physics has been quite limited, lé.rgely because most efforts have

been directed toward using them in the same fashion as plastic scintillators,

without taking advantage of their unique properties, Our technique employs

the device as a target as well as a detector, This means the target par-

~ticle is a nucleus—-Si28 for example-~-rather than a proton, which up to

now has been the most popular target for elementary-particle experiments. |
This popularity stems from the relative simplicity of the proton, HOWeVerv, o
Si28 is} an even-even nucleus and has zero spin and isospi_r;, so that it is an
even simpler target, provided it re_tains its identity after the interaction,

As has been pointed out by Good and Wa.lk'eri)

and further discussed by

A, Goldhaber and M, Goldhabei'z), such interactions may 'occﬁr when the:
momentum transfer to the target nucleus is sufficiently ;man that the inter -
action takes piace co‘heren’.cly over the whole nucleus, The essential point
of our technique is that we can measure the momentum transferred to the
target nucleus, and therefore can separate coherent interactions from those

leading to nuclear breakup.

As a feasibillity test of this technique, we have observed at the Berke-

'ley 184-Inch Cyclotron the nuclear recoils from coherent (elastic.) scatter-

ing of 730-MeV protons by silicon nuclei at values of momertum transfer

to the nucleus of 105, 132, and 152-MeV/c (which correspond to scattering .
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angles of 4,3, 5.4, and 6.3 deg, respectively). The rnieffésufed pulse heights

observed from the solid-state detector were as expectéd for recoiling sil-’

R

icon nuclei of these momenta, which we take as demonsﬁnafing that the nu-

cleus was not disrupted,

2. Experimental Apparatus and Electronic Logic

The experimental arrangement and the electroni¢ block diagram are
shown in Figs 1 and 2, respectively, Counters: S1 thf‘ough S.7 were stand-

ard scintillation counters, made of plastic sc.intillato_;',g: material and coupled

to RCA 6810A photomultiplier tubes, The electronic'ipgic was assembled

from the '"Chronetics! line of fast modular counting electronics.. Counter

pulses were standardized to 20-nsec width by the use of fast discriminators.
This pulse width greatly reduced the problem of timing the counters, al-
though it was still short enough to give a negligible contribution of acciden-
tal coincidences (at incident beam levels of 104 'protons/s.e'c)'.

Counters S1 }fs.nd SZ’ in coincidencé, dgfined the incident beam, This
beam fhen struck the solid-state detector SSD (to be vdiscus»sed in detail be-
low), Elastic scatters from this target (SSD) were seleéted by counters S5

and S,, which consisted of annular scintillators (the ring shape .provides an .

61

increased solid angle); they were geometrically arranged so as to define a

_ scattering anglé of a few degrees (see below for detailed settings) with an

. angular acceptance range of approximately one degree, Counters S3, S4,

and .S,? were connected in anticoincidence in order to further assure that

only events of the desired kind were accepted, Counters S3 and S4 each’

‘had a 1-in, ~diam hole centered on the incident bea'm.line; thus they required

that the scattered particle originate at SSD rather than, say, at _S1 or SZ'

Counter S. was used to veto the unscattered beam,

7
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An clastm-scattérmg evcm then, was swnalledvb;v( the electronic
logic in the form of a 51gnal 'S S 254 8683 Furthgrmore, one could
ecasily obtain a logical s'ign.a.l signifying a straight—throuéh beam proton
: ‘ — via 515287 The procedure of the experiment may thus be summarized .

. as follows: after having obtained a logical signal of either of these two
kinds, one interrogates the SéD' as to the kind of signal resulting from it,

Thev electrical pulse ﬁ-om the SSD was fed into a preamplifier and
from there into a linear amplifier ga.tiﬁg and timing system3). This kind
of transistorized system is by now standard in SSD work, * The preampli-
fier of the charge-sensitive kind, provides the low impedance necessary .
fo drive a cab1e4). The linear amplifier is capable of conserving the high-
energy resolution of the detector, while the rest of the system provides a
fast-coincidencg signal via the zero-crossing method, has a linear gate to
‘minimize ‘pileup', and has an output stage suitable to di‘ive a conventi.orial
pulse-height analyzer.

The interrogation of thne SSD was accémplished by gating this system
with the outp‘ut of the electronic logic in fast coincidence and displaying the
amplifief output of the 'SSD on a pulse—heighf analyzer, For exarﬁple, the
energy loss spectrum of nonscattered beé,m particles traversing the silicon
wafer is shown in f‘igs. 3(a) and (b). The characteristic Landau shape is

5)

apparent”’, The energy—spectrﬁm scale was calibrated using 390-keV elec-
trons from a'Sn11‘3 source. The expected peak of this L.andau distribution

is 415 keV, which is in good agreement with the data,

% ! :
R Units of the Goulding-Landis type are made commercially by Ortec, Oak
Ridge, Tennessee, and by Technical Measurements Corporation, Northhaven,

- Connecticut,
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3. Solid-Stat}e Detector

The lithium-drifted- sﬂlcon type, solid-state devic':e used as the target.~
detector in the expcrlment was fabricated at Lawrence: Rad1at1on Laborat01y
(LRL) by the Nuclea1 Chermstry Instrumcnta.txon Group. ,The fabrl_eatlon
procedure has ‘been descrlbed by Lothrop and Smlthé) |

The sensitive region of the detector was 1,09 mm thick and 15 mm in

diam. A diagram of the detector is shown in Fig. 4. * Figure 5 gives a-

' view. of both sides of the detector. The left-hand vie\f/' shows the cathode

side of the detector with its large-diameter gold surface, 'I‘hls éold 'surfa.ete""‘
cons‘titutues‘ a thin window about 2000 A thick, thfough which 'pa.rtilc_les'-'must
pass befere traversing the lithium-drifted regiqn, The anode, m_e'sba side

of the detector shown in t}}e right-hand view has a lithium-diffused layez"‘on’

the order of 5X10 -3

cm thick which is simiiarly c.oirered By.a.‘v.ery‘_thin.
layer of evaporated gold |

The detec_tor holder used .is shewn in F1g 6. .Bec_ause':the de‘tectqr
becofnes' phetos_eesitive when veltage is 'applied to it, the holder was made
iight.—tight by covering the beam-entrance and e.xit sid_e W1th abt_hin layer of
black photographic tape. The beam-entrance side of the SSD yvé.é at groﬁnd
potential, and positive voltage was applied to the beam-exit side via a

0.004-in, -thick, phosphor-bronze cat's whisker soldered to the center con-

ductor of a BNC connector. Besides being used to apply hlgh voltage to '

the detector, the cat's whisker served the additional function of spring load- S

ing the detector wafer, thereby keeping it aligned in its mount. The single
BNC connector was used both to apply high voltage to the detector and to
receive the output signal. A potential of 120V was applied to the detector, _

with a corresponding leekage current of ~5 pA.
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Without going into detail, let us mention some of the problems per-

taining to 'leakage current and detector thickness., With fany SSD, one needs

-to apply a voltage sufficient to collect the charges produced by the radiation

to be detected. Here, one must compromise between the desired coilection
and the problem of incréased leakagé current_ét higher applied voltages.

If the problem of leakége _cﬁri-ent and the corresponding léss of resolution
is serious, one can usually alleviate it by cooling the d;etectors to -50 to
-100°C. Alsvo,. the problem of leakage current increases with increasihg
detector thickness.

We did not survey comméfcial suppliers of lithium-drifted silicon
detectors to détermine lmaximum diameter and detector thickness available;
however, at the Lawrence Radiation Laboratory where our detector was -
made, the méximum thickness of the sensitive region of lithium—dr\ifted
silicon de'tector.s is 5mm. (These detectors are used only in the ‘cooled
state, The maximum sensitive-areathickness of room <{emperature detec-
tors is 3'mm.) The maximum diameter of the sensiti\}e z“egion can be made’
approximatélyv 16 mm with an overall diameter of approximately 18 to 24
mm7). Maximum size is dependent on the availability of higﬁ-quality,
floatbing-zone, P-type silicon from which the wa.fers_ are cut,

Table 1 shows the isotopic composition, spin, parity, and isotopic -

parity and isotopic spin than Si280f which the detector is predominantly

composed,
Detectors available from commercial suppliers vary somewhat in
cost, but generally the cost is no more than that of 2 or 3 photomultiplier

tubes of the variety in common usage in scintillator experiments,



il

-6- < - UCRL-16603.

3

The effects of radiation damage to lith‘ium—drift_eél silicon detector's

is somewhat complex and dependent on many parameteiﬁg, primary of which

is the type of particle causing the damage, Goulding in a recent paper dis-.

cussed this topic in some detail8).' In the experiment described herein,
there were no effects of radiation damage.
The energy resolution of our detection system was approximately 60

keV at room temperature, entircly sufficient for our experiment, There-

fore, we did not cool our detector in order to improve the resolution, A =

comparison of typical energy-resolution values of yarious types of counters

versus solid-state detectors is given in Table 2.

4, Results

The essential data of this experiment are the pulse-height spectra ob-

served from the SSD target when 730-MeV protons were ‘.scatt_e'rezi by the

~ silicon nuclei in it. Four such spectra were obtained, corresponding to

scatte;‘ing angles of 0 (i.e., no scatter.in'.g at all other than ~0,03 deg'
multiple Coulomb), 4.3, 5.4, and 6.3 deg.

Consider firvs't the zero-degree ”scatt'ering"._ As rpentioﬁed in Section
2, when the trigger logic Iifs set for 0 deg (S,5,5.), It.:h.ev.pulse-hgi‘.ght.si)ec-
trum represents.the ionization-energy loss distributiori of unscattered pz;o—_
tons pass'i_ng throug.h the SSD., The observed s‘p'.ec'tru'm is ;ho\m_m in Fig, 3.
The energy scale was calibrated using 390-keV electrons from a windéwiess
Sn113 source, | IT_hese electrons gave a distribution with a full width of 6‘0
keV. Since the natural width of the 390-keV electron-dis_tribution’ is much
less than 60 keV, this value was taken as the resolution of the détec;tof sys -‘
tem. The theorefically expectéd dist_ri'bution,, kri',owﬁ as fhe Landau ‘di-s,tri';'

9)

bution, was taken from tables by Seltzer and Berger’’, and is shown as the

3
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solid curve oEf Fig.i 3(b). The curve includes an estlmate of the effect of
the 60-keV resolution of the detector system, The mo;.}st: probable energy
loss observed in this éxperiment (425210 keV) agr.ees? quite well with
the theoretical value (415 keV), but the obser\)ed full width at half max- ' B
imum is about 20% larger than theory predicts. \

When we trigger on scattered protons (51828556§3§4§7 plus the
SSD in coincidence) we expect the pulse-height distribution to exhibit this
same Landau shape, since the protons pass through the Si with essen-
tially the same p.ath length ana velocity, In addition, the recoiling silicon
nucleus loses most of its energy by ioniza.tiori, so that the Landau distri-
bution is shifted to higher values by an amount equal to the recoil energy
deposited in the SSD. However, this shifted. Landau distribution will be
broadened by the finite angular accepténcé of the system, If the triggef
is imperfect, smich that the signal from straight-through (unscattered) pro-
tons reaches the pulse-height énalyzér in addition to the pulses from scat-
tering events, then two peaks wﬂl bé observed in the spectrum, This was
the case in our experiment.

The separation of the two peaks represents the energy deposited
by the recoiling nucleus. The pulse-height spectra observed for the
three %ca’tfering angies investigated are §hown in Fig. 7. In each case,
the two peaks are evident. The lower-er:1ergy peak remains at ~ 4415keV

as the scattering angles change, while the energy of the second peak de-

creases with decreasing scattering angle. The .solid curve drawn

Lot

through the data points of the first peak was obtained by drawing a visual-best-

fit curve throﬁgh the data of Fig. 3(b). If all of the energy from the re- L

R

coil Si nucleus goes into the creation of hol’erv-elec“cron pairs, then the

observed shift will correspond to the full ehergy of the recoil nucleus as
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, calculated frqm'thé momentum and s_catt’ejring angle of ‘g;l*@e_proton. Hdwaver,ﬁl--_ - .

it is known that part of the _enefg’yilis’lost’t_o atomic processes, Thé three
b>scattering angles used in the experiment an‘d the observed and expec;ted
" encrgy shifts ai‘é listed in Table 3. The last column in Table 3 shows the
ratio of the observed to the expectéd shift. The fraction of the recoil energy
that is lost in the cre'ation._.of"hole-electron pairs' has been caléulated by

Lindhardio) and experimentally tested by Sattlerii),v. :‘Eigure 8 shoWé the
theoretical expectatiOn (solid curvé) and the experiméﬁfal data for Si recoils

in a Si lattice, Our data(solid circles) as well as Sa.ptlé'r’s are seen to be

in fair agreement with the theo.rve't'i‘c"a.l; prediction,
5. Discussion |

The above results cleé.rly indi‘cate that it i's.fea'.s-:?:blé tov use the SSD
as a detector-target in combination withvconvent’ional §park-chafnber and
counter technicii;.es. Experimentally this affords the &%stinct advantages of
| (1) accurately measuring momentum trénsfers of a fe»\; tens of kilovolts or
more by recording the pulse from the detector target and (2) using this |

-pulse in a fast-logic system to trigger spark chambers or counters, _Nuéle:;u-
breakup can be detected on the basis of the.pulsé height, since lighter frag-
ments have greater energy for a given momentum thé,n has silicon,

In addition, t}.ue silicon _detectof fa‘rget offers a J = 0 and I = 0 tar-
get, which has the advantage of greatly simplifying the analysié of multi-
particle final sfates, provided the target remains in ité gfound state, as it
does for coherent production, Such production also acts as a "cross-
section amplifier,' because the coherency requirement provides a factor
of A‘2 times the free-nucleon cross section at a giv‘en' value of the momen-

tum transfer, Of course, the coherency requir_emen"t also limits the momentum

© e e
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transfer to valees of ~100 MeV /c, but since most of the physms done to-

- day w1th proton targets mvolves perlpheral 1nteract10ns this requlremem
should not' severely hm1t the physzcs tha.’c can, be done with this technique.

A few experlmen‘cs that come to mlnd are' hsted beléw:

(1 vProducti{on experiments in general, of the type X + Nucleus—~ Y +
‘Nucleus,
-~ Here Y may be a multiparticle state as for example, the experiment

9.

vof Allarc.ivet'al. _wh-ic;h;studied the'high;energy production of fnultipion final
states ‘on nuclei by 16-GeV/c pions in a heavy-liquid bubble chamber %),

"The esée.nt'ial iae-é her}e is thaf the’ SS.Donuld contain the spin-zero target :

and prov1de a x;neasuremex;xt of the momentum of the reco111ng taroet This
measurement could then be usedvto trléger th1n -plate spark chambers, which
weuld prov1de az; accufate momentum measurement of the fmal state bosons,
‘Knowledge of the mom'entumvof the ‘recoil nucleus, which is not p0551b1e in
the_'heavy-li’q_uid. bubble-chamber experiment, provides an additional con-

- straint fer the vki‘nem‘atiic fitfing. The inyariant mass, My of the multiboson
finel' state is' lilmi_t‘ed by kinematics. For small momentum transfers, the
minimum_momentuﬁj} transfer, q, to. the nucleus is given by . q=‘(MY2- sz)/Z}T)O,
" where PO and MX 'e're tiue momentum a:ﬁd maeS‘respectively of the incident
particle, 'Sinc_ejcoherency requires 'thet q be ~ 100 MeV/c, we see that mass
" values up to -v"" 2.5 GeV can be produced by the BNL or CERN accelerators,
and mass vélﬁes'ﬁp to ~ 6.5 GeV'by a 200-GeV accelerator. Of course,

final etat’eslether than bosonsv may be produced in this way e,lso, and neutral

incident particles may be used.

(2) Measurement of the ratio of the real to imaginary part of the forward

proton-proton scattering amplitude bjr observing Coulomb-interference L

effects in small-angle p-Si elastic scattering,
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Using Si'as a target removes the complication of thg:spin-flip term in-

~“the Stro!ng-i.htcraétiOn a.mplitude which beclouds the expéfi'r'nents that have

“been 'pefférm-,ed on hydrogen; observation of t‘hfe pulse of the recoiling Si

atom in the SSD provides a trigger for selectirfg small-angle scattering,
Of c.ou'rs‘e, one must be able to relate the measured Si cross section to the

proton-pfoton 'scattvering amplitudes. Attempts to do this are currently

under way 13 ).

(3) Reg'eneration of K1O mesons from a K,” beam incident upon a regen-

erator,

- This can occur in three ways--on a'_..csing.'le nﬁcleoﬁ,' coﬁe‘rently over a
nué_leus} or coheréntly dver thlevwhole regenerating subs_tance14). These
three ph_enomeﬁa have different momentum-transfer distribgti'ons.“ The :
pul‘sé height in a silicon régenerating medium may facilitate separation or
selection 'éf the_diffe‘rent interactions. Additionally, elasti¢ scattering of

Kt and K- by.Si would be used to obtain precisely the forward-scattering

amplitudes for ,Ko and -'RO'," which are needed for calculating the expected

i
regeneration rates,

(4) Deuteron stripping by nuclei.

~There are two as yef unobserved but theoretically expected forms of
stripping of incident deuterons by target nuclei--photodissociation of the

deuteron in the C:oulomb‘field of the nucleus, and diffraction dissociation

15)

of the déut-erbn ', The usual nuclear stripping of high-energy deuterons

. should lead to breakup of the nucleus, The use of a SSD as a target would

~enable one to discriminate against this form of stripping and thus facilitate

t_he_b search for other kinds of stripping.
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(5) Detection of the double-charge-exchange process. |

Parsons, Trefil,  and Drell suggest using the reaction 77 +A(Z)~>7t" +A(Z+2)
16) e e o2 + :

6). The reaction w +8i 87»77 +Mg28 can be studied
with the solid-state detector -target, and the pulse height may be used to reduce. - '

unwanted background from nuclear breakup.
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Table 1. Chara'ctérisﬁi'c?s.ovf the silicon used in the solid-state detector, -

T -

- .. Natur

- eh,‘?r.g)" JP . Jp.'ﬂ‘- 1 I'. : ‘_,_v:'abuncgan
(MeV) ’ o )

R DU | N St (%)

xcita Isospin
Isotope -~ xcitation = Spin and parity .. _ Isosp

s?8 0 s ot 2t 0 o) ez
st Cwes a2t 32t a/2(e) 4f2(ey 4T

Si30 C ' 223 ot O+ o 0o 0(?) ) '3'.1“'

P

"Data are from Endt and Van Der Lenn, Nuc'i. Ph'y*s.v 34, 1 (1962').']_v,,‘-";.‘.:""
,.'vTSub’scbfipts 0 and__;i refer to ground state and first excited state, respectively,
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Table 2. Typical energy-resolution values (full width at half maximum)
of various types of detectors, ™

Energy resolution (keV)

E=100 keV(p) 1 MeV{(a) 10 MeV{a) 100 MeV (a)

Type of detector

Gas o 30 30 30

Scintillation | | 15 50 200 1000
Semiconductor (25°C) 8 10 12 50
Semiconductor (77°C) | 3 7 ? ?

“Data are from Fred S. Gouldi.ng, A Survey of the Applications and Limita-
tions of Various Types of Detectors in Radiation Measurement, UCRL-11302,

February 1965.
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Table 3. Comparison of observed and expected recoil-energies,
AE transferred is (P sinQ)Z/ZM, where P, is the incident
momentum, 0 is the laboratory scattering angle, and M is
the proton mass, ' '

Scattering AE observed - AE transferred AE obs,/AEtrans.
angle . ' : '
(deg) (keV) o (keV)

6.5 1.0 350 %24 446 0.780.05

5.4 £0.9 27215 330 0.82 £ 0.05

4,3 £0,7 ‘ 140 £ 18 : 200 0.70 + 0,09
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Figure Legends

Counter geometry. Si through S7 are plastic scintillators.
SSD is the solid-state detector. See text for details.
Block diagram of electronics,

(a) Pulse-height distribution from solid-state detector when

~ 730-MeV protons pass through without scattering.

(b) Same data as 3(a) on a semilog plot. The solid curve is the
theoretically expected distribution of Ref, 10,

Cross section of lithium-drifted silicon detector,

Photogréph of detector used in this experiment showing both
front and back surfaces,

Solid-state detector and holder,.

Pulse-height distributions from solid-state detector when protons

are scattered from detector at angles (a) 6.5, (b) 5.4, and (c)

4.3 deg. (d, e, f) Same data as a, b, and ¢, respectively, on a
i

semilog plot. The solid curve through the second-peak in each
frame is a visual fit to the data. The solid curve through the first
peak is a visual fit to the data of Fig. 3b. The dotted curve is

the difference of the two solid curves.

Ionization by a silicon recoil atom in silicon relative to an electron

of the same energy. The open data points are from Sattler, and

the solid curve is the theoretically expected distribution (see Ref. 12).-'-_'_,';__-' ?

The three solid circles are from this experiment,
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission'" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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