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Abstract 

Fragments with beam-like velocities are observed at forward scattering 

angles in heavy-ion reactions at all bombarding energies above the Coulomb 

barrier. The spread in momentum of these fragments, cr, and particularly the 

variation of cr with bombarding energy are of current interest. The present 

experimental data and their theoretical interpretations are summarized. New 

detector systems are now beginning to deliver results that promise to increase 

our understanding of the transition region in which cr increases with energy 

(10-100 MeV/n) and the high energy limit where the widths appear constant 

(above 200 MeV/n). 

Prepared for Comments on Nuclear and Particle Physics, Gordon and Breach 
(N.Y.). 
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Introduction 

If a moving balloon filled with water grazes the point of a knife we 

would expect a shower of water droplets moving with the same average velocity 

as the balloon. Furthermore, the number, sizes, and individual velocities of 

the droplets should tell us something about the state of the balloon and its 

contents before it encountered the knife. 

Although the differences between a heavy-ion projectile and a water­

filled balloon are legion, the analogy does help explain the persistence in 

heavy-ion reaction spectra of the quasi-elastic peak -- a characteristic group 

of fragments having masses less than the projectile mass and a distribution of 

velocities whose average is close to that of the beam velocity. This is 

illustrated schematically in Figure 1. Projectile P collides with target 

nucleus T and produces a fragment F at an angle e near the classical 

grazing angle. The unobserved products of the reaction are denoted by X. 

This type of inclusive measurement has been performed at bombarding energies 

ranging from the Coulomb barrier upward to 2000 MeV/n. As indicated in Figure 

1 there is a small downward shift of the peak of the distribution relative to 

the beam velocity. This is expected because some initial kinetic energy is 

converted to internal excitation. What is of more interest here is the 

momentum width, a, of the fragment distribution. These widths, experiments 

show, depend on the masses of the projectile and the fragment and hardly at 

all on the mass of the target. 1' 2 There is, however, a pronounced 

dependence on the bombarding·energy: a appears to reach asymptotic values at 

low and high bombarding energies, and to exhibit a relatively rapid transition 

from one limit to the other. In this Comment I will give a brief description 
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of the experimental and theoretical work underlying our present understanding 

of momentum widths and then discuss new experiments that may substantially 

increase this understanding. 

Experimental Results at High Energies: the Development of the Statistical 

Model 

I th 1 t . . f . t 1 d . n e ear y seven 1es a s~r1es o exper1men s was rna e us1ng 

relativistic 12c .and 16o projectiles and a variety of targets from 

Be to Pb. For a given fragment the distribution of momenta in the direction 

parallel to the beam was found to be a Gaussian in the rest frame.of the 

projectile (Figure 2). The variance of this distributiont 2 
0 ' had a 

parabolic dependence on fragment mass (Figure 3}. These'pioneering 

experiments inspired theoretical interpretations3' 4 that remain the starting 

point for more sophisticated models. The basic idea is that the interaction 

with the target effectively p~oduces a fragment consisting of a number of 

nuc 1 eons chosen at random from the projectile. One mechanism for this has 

been described3 as follows: "The target nucl~u~ acts only to inject energy 

into the incident heavy ion, causing it to •explode' into a number of 

fragments ... In this picture the momentum of a fragment is given essentially 

by the momentum it had relative to the center of.mass of the projectile just 

prior to .the collision. If the di~tribution of momenta is known for the 

individual nucleons within the projectile, the momentum distribution can be 

calculated for a fragment consisting of nucleons chosen at random. 

Goldhaber4 showed that 

• 



• 

3 

<p2 > AF(Ap - AF} 
3 Ap - l 

where Ap and AF denote the atomic weights of the projectile and fragment, 

respectively. For a Fermi gas, the mean square momentum of the individual 
2 3 2 nucleons is <p > = 5 pf where pf is the Fermi momentum. 

In view of its simplicity, this picture is remarkably successful (see 

Gelbke et al.), 2 with the fitted value of a
0 

being about 10-20% lower 

(1) 

than the value of -100 MeV/c based on pf as determined by electron 

scattering. The conclusion is that projectile fragmentation at relativistic 

energies is governed by the nuclear structure (i.e., the Fermi statistics) of 

the projectile alone. 

Theoretical Development of the Statistical Model: Alternative Views 

A number of significant modifications of the early statistical models 

have been made in recent years. The basic assumptions of the statistical model 

(that the nucleonic motion is uncorrelated and that the nucleons in the 

fragment are chosen at random) have been reexamined by Bertsch, 5 

Friedman, 6 and Murphy. 7 Bertsch calculated the effect of the Pauli 

exclusion principle on the momenta of the nucleons that make up the fragment. 

Since the exclusion principle requires large anticorrelations in the momenta 

of identical fermions when they are close together in space, the quantity 
-+ -+ 

< p. • p. > takes on a more negative va 1 ue than derived by Go 1 dhaber. For 
1 J 

the case of an 40Ar projectile that is sheared in half, the predicted 

momentum dispersion (a2) and the experimental value8 are in much better 
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agreement, each being respectively 37% and 31% less than the value predicted 

for no correlations. 

Another constraint on the momenta of the projectile-like fragments has 
. 7 

been considered by Murphy. The nucleons in the projectile cannot be 

sampled completely at random because of the requirement that the fragment to 

be observed must be a nucleus, e.g., a Fermi gas. This limits the available 

configurations in the projectile, and, hence, reduces the predicted momentum 

widths. 

The peripheral· nature of fragmentation reactions -- that a surviving 
. . 

fragment must not have interacted strongly with the target -- is emphasized by 

Friedman. 6 In this picture the ta~get removes nucleons onl~ from the near 

side of the projectile•s surface and the relevant momentum is that of the 

cluster of nucleons in the tail of the wave function, ~(r). 

(2) 

(The projectile is considered as two pieces, the group of nucleons comprising 

the removed p'ortion R and the remaining fragment F that is observed.) In 

Eq. (2) ].1 = y2m E r s where m is the reduced mass of the r clusters F 

and R, and Es is their separation energy. The momentum distribution 

thus depends directly on the separation energy of the particular fragment 

rather than on the Fermi energy. The variation of separation energies from 

one fragment nucleus to another introduces variations in cr that generally 

improve the agreement with experiment relative to the predictions of Eq. (1). 

This is illustrated in Figure 3. 

• 
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The predictions of the surface cluster model of Friedman are similar to 

the simple statistical model, viz., they indicate an approximately·parabolic 

mass dependence. The connection of the two models has been discussed by 

Friedman and turns on the close relationship of the separation energy (per 

nucleon) to the Fermi energy. In principle, any nuclear structure or 

correlation effects that go beyond conservation of momentum and a Fermi-gas 

picture, and any spatial restrictions on the selection of nucleons, will 

reduce the predicted value of a
0

• However, there has not been a unified 

theoretical treatment that takes 

factors that reduce cr~ below the 

into account 
2 

Pf 
value 5 . 

simultaneously the different 

The observation of a Gaussian momentum distribution, by itself, does not 

tell us very much about the specifi~ reaction mechanism. Thus it should not 

be surprising that alternatives to the above models exist. Instead of an 

instantaneous snapshot of the projectile with the distribution of momenta 

governed by the interior of the cold projectile nucleus before the collision 

(as diagrammed in Figure 4a), one may suppose a postcollision equilibration4 

and that the distribution of momenta reflects the thermalized energy of 

excitation in the projectile acquired via the collision (Figure 4b). In this 

case the variance also has essentially the same form as Eq. (1) and cr
0 

is 

directly proportional to the temperature of the system. 

Thus, 

where mN is the mass of the nucleon, k is Boltzmann's constant, and T 

is the temperature of the equilibrated system. 4 Temperatures of 7-9 MeV per 
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nucleon are required to reproduce the data at relativistic energies. In this 

view the entire process is described9, 10 by two stages: (i) abrasion, the 

fast process in which the target deposits energy in and removes nucleons from 

the projectile, thereby pr9ducing an excited fragment, and (ii) ablation, a 

slower process in which the remaining fragment reaches equilibrium and 

evaporates neutrons, protons, alpha particles, etc. One may of course arrive 

at a distribution of momenta and isotopes without necessarily first removing 

nucleons in the abrasion stage. Such a process,is just the excitation of the 

projectile by inelastic scatteringto states above particl_e decay thresholds, 

followed by sequential emission. (This phenomenon is well known from 

experiments at low energies.) The variation in fragment momentum arises from 

the recoil imparted when nucleons or clusters are evaporated and, for lighter 

projectiles, this variation may depend sensitively on the thresholds for 

particle decay. 

We are thus faced with a situation in which the present high energy 

; 

inclusive data the widths of momentum distributions and the isotope yields 

are sufficient to establish a statistical process involving the projectile 

alone, but are insufficient to determine whether this is a fast or a slow 

mechanism. 

Experimental Results at Low Bombarding Energies: The Transition Region 

There had been a number of measurements of heavy-ion_spectra at 

bombarding energies less than -10 MeV/n that showed a quasi-el~stic peak. 11 

In these cases interest was focused on interpreting the most probable value of 

the distribution. The differences between the measured values and the beam 

• 
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velocity could be understood in large part with semiclassical models that 

assumed a two-body, or transfer, reaction. 12 One would expect that the 

momentum width in this case would be governed by the nuclear structure {i.e., 

strength functions and level densities) and kinematics of the system 

consisting of the target plus captured fragment. However, little attention 

was devoted to the widths of the quasi-elastic peaks. 

Interest in the momentum widths increased dramatically when 
' . 13 compar1sons of experimental data at 20 MeV/n were made with the results at 

relativistic energies. It seemed at first as if the transition from the 

smaller widths characteristic of low bombarding energies to the larger widths 
·2 at high energies occurred at a remarkably low energy. 

11 1 h d . 14-18 d sma er acce erators were pus e up 1n energy an 

Experiments at 

those at the high 

energy machines were pushed down in energy, 19 , 20 and new accelerators have 

been built21 in order to explore this region. As a result we now know that 

the transition is accomplished within the region of 10-100 MeV/n. Figure 5 

presents a summary of experimental reduced momentum widths, o
0

• 

The reasons for the rapid increase in the momentum widths are not known. 

The understanding of this behavior is one of the outstanding problems in the 

study of heavy-ion reaction mechanisms. Attempts to understand these changes 

in a naturally begin with an understanding of the asymptotic regions. 

Having examined the reaction mechanisms characteristic of the high-energy 

region, we now consider the low bombarding energies • 
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The Lower Energies: Transfer and Breakup 

While it may be a safe assumption that a nucleon contained in a 

projectile moving with 2000 MeV/n will not be captured by the target nucleus 

and reach equilibrium, it is certainly not true at lower bombarding energies 

(<20 MeV/n). Here, the projectile can transfer mass to the target and, at 

energies near the Coulomb barrier, this is a most likely outcome. Theoretical 

predictions of a at low bombarding energies, therefore, must contend with 
+ two distinct processes depending on whether the missing mass was captured 

by the target. In the case of capture, we refer to a transfer reaction, as in 

Figure 4c. Otherwise, we use the generic term, "break-up reaction," Figure 

4a,b.· (A separation of these two mechanisms is made possible by the use of a 

streamer chamber, 22 a device that visually records. the tracks of the 

associated charged particles.) It is clear that combinations of these 

processes can occur, e.g., the projectile first picks up or loses mass, thus 

producing a fragment in a long-lived excited state that subsequently decays by 

particle emission (Figure 4d). Indeed, these two-step processes have been 

observed. 23 

McVoy and Nemes24 have presented a calculation of the reaction 
208Pb( 16o, 12c) for both these processes using a plane-wave approximation. 

The difference between transfer (Figure 4c) and fragmentation (Figure 4a) is 

contained in the wave function of the remaining nucleons R (in this case an 

alpha particle). In the case of fragmentation it is a plane wave with a 

+By "captured" we mean that the transferred nucleon (or cluster of nucleons) 
was in a bound or continuum state of the target-plus-nucleon system 
during a time long enough for the rest of the projectile to leave the 
collision region. 

• 
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distribution of momenta given .by the Fermi momentum of the nucleons in the 

projectile. In the case of transfer, however, the wave function of the 

transferred nucleons is confined to the target. This confinement and 

conservation of momentum place additional constraints on the momentum of the 

observed fragment and result in a narrower distribution. Thus, it is possible 

that the increase in the widths shown in Figure 5 could arise from the 

predominance of transfer reactions at low energies and fragmentation reactions 

at high energies, and that the transition region reflects the competition 

between these processes, one having a narrow width and the other a broad 

width. Calculations made over a wide range of energy using the more elaborate 

distorted wave approximation25 , 26 would be valuable. 

The effect of the Coulomb barrier in the entrance channel is predicted to 

have a similar effect on the widths of both transfer and fragmentation 

processes. 6, 24 It is the local momenta of the participants in the collision 

that affects the phase space available for the reaction. These momenta must 

be evaluated at the top of the Coulomb barrier V and are thus effectively 

reduced by the Coulomb potential. The dashed line in Figure 5 shows the 

variation in the width for the fragmentation of Ne by Au given by the factor 

(1 - V/E} 112 where E is the bombarding energy. The dashed line, 

arbitrarily normalized to 86 MeV/c at high energies, accounts for some of the 

energy dependence but does not reproduce the overall shape very well. It is 

of course possible that the momentum widths for both transfer and break-up 

processes have similar magnitudes and energy dependences even though the 

relative strengths vary with energy. We simply do not know the answer yet. 
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Adequacy of the Existing Experimental Data 

There are several difficulties encountered in analyzing the existing 

experimental data. Momentum is also imparted to. the projectile fragments 

through their interaction with the target. A sideward deflection from 

repulsive Co.ulomb and attractiv~ nuclear forces introduces a momentum. 

dispersion, a1 , perpendicular to the beam.?irection. The quantities all 

and a1 may be deduced by measuring momentum distributions at different 

scattering angles, but often the e~perimental data consist of total momentum 

.widths obtained from data at a single angle, and these are compared with 

theoretical predictions or. scaling relations that are val,id only for. a
11

• 

These considerations are important at the lower bombarding energies and have 

been discussed by Van Bibber.et al~ 27 and by Wong. 2~ 

Another problem concerns the deduction of a width from a spectrum that 

does not have a Gaussian.shape (Figure 1). The results.then may depend on the 

specific method or procedure chosen to fit the momentum spectru!Jl .. The 
' . - I 

application of uniform methods by different authors to determine the width of 

a distribution will be necessary to establish quantitatively the "fine 

structure" in the dependence ofa
0 

on mass and energy. These 

considerations, 14 , 15 .while important when makirg precise comparisons either 

with theory or among experimental data, should not affect the overall energy 

dependence of a
0 

~s given in Figure 5 and it is this ,gross ~yste~atic 

behavior that is yet to be explained. 

By far the most serious.pr~blem with the experimental data shown in 

Figure 5, however, is their inclusive nature. Only one particle has been 

observed in a given reaction and, therefore, all possible reaction mechanisms 

• 
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that can produce a single fragment with the characteristics of the observed 

particle may contribute. The most direct illustration of this problem is the 

situation at the lower bombarding energies in which both transfer reactions 

and break-up reactions are known to contribute to the inclusive yield. 22 It 

is through more elaborate, exclusive experiments that we can hope to make 

significant advancements in the understanding of peripheral heavy-ion 

reactions in general and momentum widths in particular. 

Exclusive Measurements 

A number of two-particle correlation experiments have been made at low 

bombarding energies and with sufficient precision to detect the presence of 

intermediate states or final-state interactions (Figure 4b,d). In nearly all 

cases in which two fragments were detected, the sum of which equaled the 

projectile, the reaction was shown to proceed via the two-step process 

B{A, A* ~ C + D)X 

i.e., the relative kinetic energy of fragments C and D define a resonance 

"t d t t . th . t"l 23 , 29- 31 or exc1 e s a e 1n e proJeC 1 e. The lifetime for this state is 

sufficiently long that the excited projectile decays long after it has left 

the vicinity of the target nucleus. An example of this is shown in Figure 6. 

The relative kinetic energy of an a-particle and an 16o nucleus, produced in 

the break-up of 20Ne, has been deduced through a precise measurement of the 

positions and energies of the two particles. 3° Known excited states in 
20Ne are indicated. 30 It appears now that break-up reactions proceed 
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primarily through a two-stage process.involving a direct reaction (inelastic 

scattering or transfer) that produces a fragment in an excited state that 

subsequently decays by particle emission. Prompt fragmentation (Figure 4a)t 

which is usually assumed to occur and dominate· at relativistic energiest has 

been observed in a heavy-ion reaction at low bombarding energies in only one 

special case (for 7Li projectiles)~ 32 

The two-particle exclusive measurements at low energies are generally 

made with silicon detectors having small solid angles and therefore it is 

difficult (though not impossible) to deduce the relative strengths of 

different processes. Detector systems having a 4n solid angle make this 

much easier. Two such devices that have come into operation recently and have 

been used at non-relativistic energies are the neutron ball at the Hahn-· 

Meitner Institute33 and the 11 Plastic Box 11 at the LBL 88-Inch Cyclotron. 34 

The first device measures the total number of neutrons in coincidence with a 

given projectile fragment. For a heavy target, which decays primarily by 

neutron emissiont the neutron multiplicity is a measure of the excitation 

energy acquired by the targett which in turn is an indicator of the mass 

transferred from the projectile to the target. The multiplicities associated 

with four or more missing mass units show two components of ~omparable 

intensity. The high multiplicity component indicates a transfer reactiont the 

component at low multiplicity a break-up reaction. There aret of course, 

other ways of 11 tagging 11 the target-lika fragment to determine if a transfer 

reaction took place. Observing characteristic X-ray radiation is an 

example. 35 

The plastic box, ·and its forerunner, the streamer chamber, 22 do not 

focus on the target~like fragment but rather detect the presence or absence of 

charged particles associated with a given projectile fragment. If charged-

• 
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particle decay by an excited target-like residual can be neglected, then the 

absence of any associated charged particles implies that the charge missing 

from the projectile after the collision was transferred to the target. 

Break-up reactions would have one or more charged particles in coincidence 

with the fragment observed in a counter telescope. Whereas the streamer 

chamber depends on visual observation of tracks in a photograph, the plastic 

box uses thin (1 mm) scintillator paddles to register charged particles. 

Energy spectra of 12c nuclei produced by the bombardment of gold by 17 MeV/n 

20N . h . F. 7 e 1ons are s own 1n 1gure • The transfer component (no associated 

charged particles) is shifted toward higher energies and has a narrower 

width. One observes significant cross sections for the transfer of up to 

seven charge units, i.e., a nitrogen nucleus. (The transfer of an 160 

undoubtedly occurs as well, although this particular experiment was not 

sensitive to it.) From data such as these one can obtain the momentum widths 

separately for the transfer reactions. Early indications are that the 

behavior of the widths is complicated: there are some cases in which the 

transfer reaction has the broader width. 

Exclusive measurements at relativistic energies naturally require 

instrumentation quite different in scope from the devices just described. The 

Heavy Ion Spectrometer System (HISS) at the Bevalac consists of a large (1 m 

diameter, 1 m gap) superconducting dipole and a variety of large detector 

systems that enable reconstruction of the trajectories of the charged 
' 

projectile-like fragments emerging in the forward direction. Measuring the 

charge, mass, and momentum of each fragment permits the determination of the 

energy and momentum transferred to the projectile. (At low bombarding 

energies this can be done quite accurately, as evidenced by the high 
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resolution (-100 keV) shown in Figure 6.} -The goal for HISS is to obtain a 

resolution of -2 MeV for 2.1 GeV/n 12c-projectiles. This would make 

possible the identification of sequential processes (Figure 4b,d) provided 

they proceed at low excitation energies where the density of levels is of the 

order of the experimental resolution. 

Summary 

Nuclei that are clearly the remnants of the projectile are observed in 

all reactions in which the bombarding energy is from a few Mev per nucleon 

above the barri~r to up to 2000 MeV/n. The widths of the momentum 

distributions of the fragments change rapi'dly in the region of bombarding 

energy from 20 to 100 Mev/n. While it is possible to reproduce the gross 

behavior of the inclusive widths in the low ~r in the high energy region with 

a variety of models, a satisfactory unified description that includes the 

transition region remains to be developed.· The inclusive experimental results 

that have prompted the statistical model and its variations are inadequate to 

distinguish among the different models. At low and intermediate energies, two 

mechanisms, transfer and sequential decay, are known to contribute. Further 

study of the reaction mechanism requires exclusive measurements, a number of 

which are now being made, and many mo~e measurements in the intermediate 

energy region. This latter region, which for historical reasons is the last 

to be explored, is of particular interest and will receive increasing 

attention in the future. Basic questions, however, remain unanswered. 
• 
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1) Does the reaction mechanism at relativistic energies really sample 

the Fermi momentum distribution prior to the collision, or are there 

significant components of thermalization and sequential decay that 

affect the observed values of a? 

2) , What is the bombarding energy dependence of a for each of the 

separate mechanisms, transfer and break-up? At present this 

separation has been made for only one reaction at a few bombarding 

energies. 

3) What is the origin of the rapid increase in a
0 

and how do the 

different mechanisms sketched in Figure 4 contribute? 

Additional questions undoubtedly will arise as further experiments in the 

transition region reveal variations in a
0 

about the gross trend indicated 

in Figure 5. Already there are suggestions that there may be significant 

deviations from an otherwise smooth behavior. Even though it is ten years 

since the first measurements with high-energy heavy ions, the study of 

projectile fragmentation is still in its infancy. 
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'Figure Captions 

Figure 1. Schematic illustration of an inclusive reaction in which 

projectile P collides with target nucleus T to produce one or more 

fragments at forward angles. All unobserved particles are denoted by 

X. A typical energy spectrum for the detected particle F is 

indicated. The arrow denotes the energy corresponding to the beam 

velocity. Depending on the particular reaction, the shape of the peak 

may vary on the low energy side. 

Figure 2. The momentum distribution in the rest frame of the projectile and 

parallel to the beam axis for 10Be fragments produced by a 2.1 GeV/n 

beam of 12c ·ions on a Be target •1 The mean momentum <~I> and the 

standard deviation are -30 MeV/c and 129 MeV/c, respectively. 

Figure 3. Experimental momentum widths, compared to the parabolic prediction 

of Goldhaber4 and the predictions of the peripheral model of 

Friedman6• 

Figure 4. A schematic illustration of the different processes that 

may contribute to the formation of projectile-like fragments, F, 

unobserved fragments, R, and target-like residues. a) Prompt 

fragmentation. b) Equilibration of an excited projectile P* ' followed 

subsequently by particle decay. c) A transfer reaction. d) A transfer 

reaction that produces an excited fragment F' that equilibrates and 

subsequently decays by particle emission. ~ 



Figure 5. 
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Reduced momentum widths cr obtained in a variety of reactions, 
0 

as a function of projectile bombarding energy. Data points connected by 

a vertical line (44,213 and 2100 MeV/n) indicate the range of widths 

obtained for a set of fragments from a given reaction. The low energy, 

high energy and transition regions are evident. Although the rapid 

change in widths in the transition region is clear whether the actual 

widths a or the reduced widths cr
0 

are considered, the data show 

less scatter when cr
0 

is plotted. The key is as follows: 
197 20 16 a) Au ( Ne, 0), Ref. 14; 197 20 12 b) au ( Ne, C), Ref. 

14; c) 208Pb (16o, 12c), Ref. 15; d) 197Au (9Be, 7Li), 
197 9 6 . Ref. 17; e) Au ( Be, L1), Ref. 17; f) 181Ta (20Ne,a), 

2o; h) 12c 12 12 6 . Refs. 16, 18; g) C ( C, L1), Ref. 

(12c, 7Li), Ref. 20; i) 12c (12c, 7Be), Ref. 20; j) 12c 

(12c,10B), ) 232 (40 ) ) Ref. 20; k Th Ar,X , Ref. 8; 1 Be- Pb 
16 . 40 181 ( O,X), Ref. 1; m) N1, Au ( Ar,X), Ref. 21; n) Ta 

10 ( B,a), Refs. 18, 19 

The dashed line is a calculation based on a peripheral model 6 

appropriate for 20Ne + Au, normalized to cr
0 

= 86 MeV at high 

energies. 

Figure 6. The relative kinetic energy of alpha particles and 16o ions, 

20 ,·ons.
30 

The detected produced in the break-up of 8.7 MeV/n Ne 
16o and the unobserved 12c recoil are in their ground states. 

Precise measurement of the angles of the a-particle and the oxygen ion (% 

~degree) with position-sensitive silicon detectors is responsible 

for the high resolution. All the yield is accounted for by inelastic 

scattering to excited states of 20Ne (energies, spins and parities are 

indicated) that subsequently alpha decay. 



22 

Figure·?. Spectra of projectile-like fragments at 8° in the reaction of 

17.3 MeV/n Ne with Au. 34 The curve labeled transfer indicates 

fragments for which no charged particle was recorded by the 4u 

detector. The events labeled break-up are all those having one or more 

charged particles (typically a-particles or protons) in coincidence with 

the observed 12c nucleus. 
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