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Trinucleon cluster knockout from 6Li
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The momentum-transfer dependence of tHeand *He knockout reactions frorfLi via exclusive electron
scattering has been measured, and the two reactions are compared. In the absence of two-step processes, the
ratio of the fivefold cross sections for these mirror reactions should simply scale by the ratic®sf #mel >He
electron-scattering cross sections. A significant deviation from this simple expectation is seen at low momen-
tum transfer. Possible explanations for this dramatic difference in cross sections for these mirror reactions are
discussed[S0556-28188)02204-3

PACS numbsdis): 25.30.Fj, 25.10ts, 27.20+n

The SLi nucleus has long been considered to be an ideafe,e’X) reaction, whereX is itself a light nucleus such as a
testing ground for the cluster model of light nuclei. It is deuteron, trinucleon, or alpha particle. However, sificeis
natural to think of it in terms of an alpha-particle core and asuch a good candidate for such studies, our groups have mea-
deuteron or a proton-neutron pair in tiealenceg p shell.  sured the é,e'd) [7,8], (e,e’@) [9], and ,e’ *H) [10] clus-
Various experiments have shown the cluster probability foter knockout channels previously. The present report of our
this configuration to be higfL]. Another cluster-model view measurements of theee’*He) channeltogether with our
of 6Li, the “heavy-deuteron” model of &He-3H pair, is not  previously reported but not hitherto publishexld’ *H) datd
as popular, although the idea is not a new fi2le The most  completes this picture. The momentum-transfgt) (depen-
compelling evidence for this model is that the total photo-dence of the®Li(e,e'd)*He and ®Li(e,e’a)?H reactions
neutron plus photoproton cross section fai shows no evi-  shows that both the deuteron and teknockout reactions
dence for?H or “He substructuref2], but looks strikingly on SLi proceed via quasielastic knockout. In this
like the photodisintegration cross sections ftie and 3H paper we compare the)® dependence of the mirror
[3]. It should be pointed out that large values for the cluster®Li( e,e’*H)3He and®Li( e,e’3He)3H reactions.
probabilities for both?H-*He and *He-3H configurations The possibility of studying both thiHe and®H knockout
are not mutually exclusive, because the corresponding wavieom SLi is fortuitous in that the expulsion of either one of
functions are not orthogonal. Likewise, one should not takehese three-body nuclei leaves the other one as a spectator.
these models literally, in the sense that real physical clustef@/e have measured both reactions at kinematics designed to
exist inside the®Li nucleus, because the cluster wave func-minimize elastic final-state interactiof&SI’s), with the goal
tions must be antisymmetrized and this destroys their idenef understanding the cluster-formation procesS$linand the
tity as physical clusters. This question has been the subject @portance of two-step processes in cluster formation. By
several cluster-model studies of thRLi nucleus [4-6],  two-step processes, we mean the knockout of another par-
where it has been described as a superposition difcle followed by a secondary reaction that produces the de-
2H-*He and®He-3H configurations. tected®He or 3H cluster. Examples are proton knockout fol-

Although much work has been done on tleed( p) reac- lowed by pickup of two additional nucleons or knockout of
tion in light nuclei and a good deal can be said about both thene three-nucleon cluster followed by a charge-exchange
primary and second-order reaction mechanisms for this prggrocess producing the other one. These processes should be
cess, less is known about the reaction mechanism for thdistinguished from elastic FSI effects, by which we mean the

interaction of the cluster after its formation with the residual
nucleus. In terms of elastic FSI's, noting that botH and
*Present address: Lightspeed International, Inc., Sterling, VA®He have spirg, these two reactions are identical. In a com-

20164. parison of the ratio of the cross sections, the elastic FSI's
TPresent address: University of Mashhad, Iran. will cancel, leaving only the two-step and direct cluster for-
*Present address: RMIT, Melbourne, Australia. mation processes.

Spresent address: Jefferson Laboratory, Newport News, VA In a naive model, where only direct cluster formation con-

23606. tributes to the trinucleon knockout, the ratio of the cross
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sections as a function of can be accurately predicted. In the
plane-wave impulse approximatigRWIA), the coincidence
cross section for the trinucleon knockout can be wrifteh]

as

do

de'dpyg

= KUe,BNS(Em Pm)

wheree’ is the momentum of the outgoing electrqyy is

the momentum of the outgoing trinucledf,is a kinematical
factor, andoy 3y is the elastic electron-trinucleon cross sec-
tion corrected for(smal) off-shell effects according to the
prescription of de Foredtl2]. The g> dependence of the
cross section may be analyzed by keeping the momentum of
the outgoing cluster constant and allowing the four-vector
momentum of the virtual photon to vary. Integrating the six-
fold differential cross section over the elastic peak of the
trinucleon cluster in the missing-energy spectrum, one ob-
tains the fivefold differential cross section

d°c db¢
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dEe/ dQer dQXr AEmd Ee/ dQeldEx/ de/

FIG. 1. Correlation between the pulse-height spectra of the two
whereR is the recoil factor, and the fivefold cross section isScintillators in the hadron spectrometer. Data are from the
expressed as a function qf. Li(e,e""H) "He measurement.0].

It has been observed in deuteron-knockout experiments
on 3He[13], *He[8], and bLi [7,8] that the rate of decrease tional chamber for tracking information, a parallel-plate ava-
of the cross sections with momentum transfer scales globalllanche chamber used as a trigger, and a scintillator for
with the average distance between the proton and the neutr@mnergy determination. The intrinsic resolutions of the detec-
in the appropriate shell of the target nucleus. In the naivdor are 0.3—0.5 mm in position and 0.3°-0.5° in angle, both
cluster description of the trinucleon-knockout reactions fromfull width at half maximum(FWHM). However, the mea-
6Li, the ratio of the fivefold cross sections as a functiomdf sured resolution is both energy and particle dependent. The
should simply scale by the ratios of trinucleon form factorsdetector is by design virtually insensitive to the large proton
squared. These form factors have about the sgrepen-  production rate accompanying the low-enertfye knockout
dence, so that the fivefold cross sections should just differ ifiate. A complete description of the setup is given in Ref.
absolute magnitude by about a factor of 4 due to the chargel7].
difference. For a detailed analysis, the actual form factors of The measurements were performed in parallel kinematics
the H and 3He nuclei, which are well known from elastic (Px parallel tog) at a central missing-momentum valpe,
electron-scattering experimerits4, 15, can be used. The in- of 75 MeV/ic. The (e,e’3He) data were taken at four differ-
clusion of two-step processes may cause a deviation awagnt center-of-mass energies, theeg °H) data at five differ-
from this expectation. Assuming that the two-step processegnt center-of-mass energies. The targets for the respective
have a significantly different momentum-transfer depenimeasurements were self-supporting foils of 6.1 and 8.3
dence than the direct cluster formation, we can gain an inmg/cn?, enriched to 98.7% irfLi. For the °Li( e,e’3H) ex-
sight into the role of two-step processes in cluster formatiorperiment, particle identification was accomplished by pulse-
by examining this ratio. height discrimination in the two scintillator layers behind the

The measurements reported here were performed at thBultiwire  proportional  drift  chambers. For the
NIKHEF-K electron accelerator. The incident electron ener-°Li( e,e®He) experiment, particle identification was accom-
gies were 484.5 MeV for théHe knockout measurements plished by discrimination of deposited signals in the parallel-
and 456 MeV and 524 MeV for théH knockout measure- plate avalanche counter and the thin scintillator. Figure 1
ments. The high-resolution QDD spectrometer was used tehows a correlation plot from théH knockout experiment.
detect the scattered electrons, while the knocked-out triThe triton, deuteron, alpha-particle, aftie peaks can be
nucleon clusters were detected in the large solid-angle QD@@entified clearly. In addition to software cuts on the cluster
spectrometefr16]. We used the standard detector setup in theof interest, the data analysis included subtraction of acciden-
QDQ spectrometer to detect tHel particles. To measure the tals and unfolding of the radiative t4il6]. Figure 2 shows a
low-energy *He particles the QDQ spectrometer was modi-(radiatively unfoldedd missing-energy spectrum from the
fied to include a low-pressure recoil detector to detect low-5Li(e,e’3He) reaction, at a center-of-mass energy of 27
energy knocked-out clusters. It is a low-pressure timeMeV. One can see the transition to tREl ground state and
projection chamber, constructed to work adjacent to théhe onset of the®H breakup channels. In the remainder of
vacuum of the magnetic spectrometer in order to detect lowthis article we will only discuss the transition to tHele or
energy particles. The detector consists of a multiwire propor>H ground state.
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of g? for electron-induced knockout ¢H, 3H, *He, and*He from
6Li. The present data oAH knockout(squaresand He knockout

6Li(e,e’3He) at a center-of-mass energy of 27 MeV. Accidentals (_upwards trianglgsare shown in the top plot. Curves are calcula-

have been subtracted. Detector acceptance and radiative tails hal/dns assuming a Q|rect clulster-knockout mechanism, normalized to
been unfolded. a data point at intermediate momentum transfer. Data 4dr

(circles and “He (downwards trianglesare taken from Refd7]
The fivefold cross sections for theLi(e,e’*H)3He and  and[9], respectively, and are shown in the bottom plot.

the ®Li( e,e"3He) *H reactions are shown as a functiongsf

in Fig. 3. The curves represent the expected behdwior-

FIG. 2. Excitation-energy spectrum of the reaction

malized to the data point at intermediay¢ of the cross c 4
section for direct trinucleon knockout, assuming a direct- € |
knockout model. The expected behavior takes the variation § |
of the recoil factoR and the experimentally determinéé T35 -
and *He form factord 14,15 into account. When comparing

the ®Li(e,e’3H)3He and theSLi( e,e’3He) 3H fivefold cross af

sections, one sees that the experimental falloff of the data is
far steeper for theg,e*He) case. For comparison, we have
also included the previously obtained results of the gl
bLi(e,e'd) “He and the®Li( e,e’*He)°H reactions, together
with the expected behaviors assuming a direct-knockout i
mechanism[7,9]. As in the @,e’3He) knockout case, the 21
experimental falloff of these reactions is reasonably well de-
scribed by the direct-knockout curves. In contrast, the ex-
perimental falloff of the €,e’3H) reaction is far shallower
than the direct-knockout mechanism predicts. i

To emphasize the deviation of tfi( e,e’*He)*H cross 1l
section from the®Li( e,e’3H)3He cross section, we show in
Fig. 4 the ratio of these cross sections with respect to the i
ratio of the direct trinucleon cluster-knockout curvieso- 0.5
proximately equal to the cluster charges squared I
(23JZ%=4)]. Especially at the lowest value df, the
(e,e’3H) knockout channel is significantly weaker than the 0 2 4 6
(e,e’®He) knockout channel. The large deviation of the ratio 2 ¢ 2

4 . q° (fm™)

of the trinucleon knockout cross sections at the lowegst
gives reason to believe that the role of two-step processes is FIG. 4. RatioR,,, of the fivefold cross sections for electron-
large in either one of the reaction channels or both. Since thiaduced knockout oPHe and®H from CLi with respect to the ratio
«a particle is a very tight system, one would expétt to be, Ry, of the trinucleon electromagnetic form factors squdrbti15.

1.5
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-5 missing momentunp,,, of 180 MeVk. The internal compari-
& 5Li(e.6°HoVH son of the*He data sets and th&.i data sets reveals two
] _'(e’es ? observations(1) The (e,e’3He) cross sections are far larger
B "Li(e,e”H)"He than the €,e’°H) cross sections at low momentum transfer,
¥ “He(e,e®He)n /10 and (2) the momentum-transfer dependence of the
@ *He(e,e’H)p /10 “He(e,e’®H )p cross sections is far shallower than that of
the ®Li(e,e’3He)3H cross sections, and slightly shallower
than that of the®Li(e,e’3H)3He cross sections. The large
difference in theg dependence of the cross sections for both
(e,e’®He) knockout reactions and botte,@’3H) knockout
reactions seems to confirm the influence of an additional
reaction mechanism. Such a mechanism could be charge ex-
change in the final state, which transforms a triton into a
- ! He particle or vice versa. This mechanism has been sug-
¢ N, gested to explain the behavior of tH#He(e,e’3He) and
- “He(e,e’3H) cross sectionf20]. The inclusion of the final-
10 3 s AN state charge-exchange procé$se+n«—3H+p was shown
i e N to reduce the*He(e,e’3He) cross section only slightly, but
I R to yield a far larger reduction in th&He(e,e’*H) cross sec-
0™ . L . tion, the effect being largest at lower valuespfThis dif-
0 2 4 6 8 ferential effect on the cross sections results from the fact that
o (fm®) the direct €,e’3He) cross section is much larger than the
direct (e,e’®H) cross section, so that the charge-exchange
FIG. 5. Momentum-transfer dependence of the fivefold crosscontribution to the ¢,e’°He) reaction is from the weaker
sections for théLi( e,e’ 3He)3H, ELi( e,e’*H)3He, “He(e,e’3He)n channel into the stronger channel, but just reversed for the
and “He(e,e’®H)p reactions. Note that the data for the latter two (€,&'°H) reaction. A qualitative coupled-channel calculation
reactions, taken from Ref19], have been rescaled by a factor of for this charge-exchange effect for the present reactions on
1/10. Curves are calculations assuming a direct cluster-knockoufLi has been done in a PWIA formalism. Similar to the case
mechanism, normalized to a data point at intermediate momenturof the “He target nucleu$20], we find that the é,e3He)
transfer. Since only one data point is available for thechannel is little affected, while thee(e'3H) channel is re-
“He(e,e’®He)n reaction, no curve has been added for this case. duced easily by some tens of percent.
To summarize, we have measured the mirror
SLi(e,e’®He)®H and °Li(e,e’®*H)%He reactions. The
momentum-transfer dependence of the measused’ {H)
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most of the time, in amx-d configuration(even though the tion is in striking di twith th £ simpl
3H-3He configuration occurs some of the tinjég]. Assum- cross section is in striking disagreement wi e most simple

ing this @-d configuration and assuming the initial process todlrec';-kngckoufj expecftil;[%;ns.k erlere,:[ash the lmor?entum-
be single-nucleon knockout, the most likely two-step proces%rans er dependence o € Knockout channel conforms

would be @,e'p)(p,X), where the initial struck proton 0 a simple trinucleon knockout mechanism, the dependence
l 1 1 3 1 -
picks up a two-nucleon pair. If initially striking a proton in of the °H knockout channel is far shallower. At low momen

the deuteron cluster, there is no obvious difference betweep!Jm transfer, the ratio of théHe knockout to théH. knock- .
out channel seems to be far larger than the ratio of the tri-

later picking up a deuteron or a two-neutron cluster to form )
either a knocked-outHe or a ®H cluster. However, if ini- nucle(_)n form factors _squared. The _behawor of the
tially striking a proton in the*He core, pickup of the preex- experimental cross sect[ons for both trinucleon knockout
isting deuteron cluster may be enhanced with respect t hann_els resembles previous data for thie target nucleus.
pickup of two neutrons. Thus, one may think the most Iikely3he d'ﬁegence in the mom-entum-transfer.de.pendence of the
explanation of the enhanced ratio &ifi( e,e’ 3He) 3H knock- .He and*H knockout reactions seems to |nd|ca}te a sub_stan—
out with respect to°Li( e,e’ 3H) 3He knockout to be the role tial r(_)le for two-step processes in thgse reactions. A likely
of the (. p)(p, 3He) pickup process. However, it is tHé candidate is charge exchange in the final state.
(e,e’®He)®H reaction channel which seems to have the The authors would like to thank M. F. Taragin for his help
momentum-transfer dependence that the direct clusteduring the early stages of the experiment and W. C. Parke for
knockout model prescribes. Therefore, the large deviatiomseful discussions. This work was supported in part by the
found in the cross-section ratio indicates that a reduction 00).S. Department of Energy under Grant No. DE-FGO05-
the ®Li( e,e’3H)3He channel is more likely than an enhance-86ER40285, the National Science Foundation under Grant
ment of the €,e’3He) channel. Nos. NSF-8907284 and NSF-9208921, and the Stichting
In Fig. 5 we show the dependence of the present data invoor Fundamenteel Onderzoek der MatéR©M), which is
combination with*He(e,e’*He)n and “He(e,e’°H )p data financially supported by the Nederlandse Organisatie voor
[19,20. The “He data shown here were measured at a centralVetenschappelijk OnderzogklWO).
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